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Relations of inclusions 10 host mineral. 



Vrrm Ltrr: Photomicrograph of ■ plan* of paevdoeerondary Inclusion* on 
a Mil} cleeva*e fracture fn a pale-colored fluorite crystal from a vug. 
which trapped an immiscible misture of liquid oil (yellow) and brine 
(colorless*. Recrystelli satin n of tbe fluorite walk of tbc fracture to isolate 
individual inclusions occurred almost entirely via the brine. As a rswult 
tbe inclusions of brine have become three dimensional and are lined 
with negative crystal facets, whereas tbe yellow uil inclusion* are utiil 
flat and are almost two dimensional, lit addition, the index «f refraction 
of the oil la much ctaaer to that of fluorite. Small irreguUir masne* of 
dark-brow a falr+f ringent matter have formed in tbe oil phase since 

•ure I characteristically occur in the oil rather than in tbc brine, where 
both phases arc present. Area of photograph I* I V 1.2 mm. Plain trnna- 
mitted light. Sample ER 69 S. Hill mine, Cave-in-Roek, southern Illinois 
fluorlta-ilne district. 



Uppi* «TCHT: Photomicrograph of a large primary Inclusion in soned 
purple duo rite crystal from a run*. The crystal crew from bottom to 
top as a series of subparallel cubic projections, two of which were 
slightly inclined to each other. Tbeae two Anally met, trapping a wedge- 
ahaped mass of fluid (a strong brine I as a fluid inclusion. A gs* bub- 
ble <dark) formed in the thickest part of the inclusion due to shrinkage 
caused by subsequent cooling. Although not apparent in this two dimen- 
sional view, the bubble comprise* only about Ave percent of th* volume 
of the inclusion. Some of the colored growth bands ar* outlined by 
tiny primary inclusions, A healed cleavage fracture U revealed by the 
plane of peeudoteeondary inclusions in focus at right, which estend to 
what was the edge of the crystal at the time of fracturing. Two highly 
Inclined planes of secondary inclusions cut across the crystal from 
lower left to upper right; one of tbeae intersecta the large primary lo- 
ci union and probably caused replacement of the fluid in it with new 
fluid. Area of photograph 2.7X9.4 mm. Plain transmitted light. Sample 
KR b9-*, Hill mine, Cnve-ln-Rock. southern Illinois fluorite- tine district. 



Low KB lbtt: Photomicrograph of a raulti ply-monad sphalerite crystal, 
showing; the relation of paeudoaseondary inclusion* to crystal analog. The 
red and yellow color bande are not growth sons*. The color bands 



sumably due to preferential uptake of minor constituents such aa Iron 
on specific growing crystal face*. The crystal grew from left to right, 
and successive growth stages are revealed by the nearly vertical hasy 
grey sonea of minute primary inclusions. Fracturing occurred at some 
time after the growth of this part of the • 
fracture that was parallel to the pmne of this section resulted In the 
trapping: of large numbers of thin, flat, presumably paeudoaecondary 
Inclusion*), each of which now ha« a sas bubble (13 volume percent) 
and several different Uny daughter minerals. One of theae is apparently 
Quart*; In the Isrge central inclusion It can be seen as a small prism, 
holding: the babble away from the wall (lower right edge of bubble). 

in part by tbe com positional (and twin) sonea to yield straight seg- 
ments in the inclusion borders, and, in many areas in this sample, to 
yield preferential occurrence along certain compositional aonen. Area of 
photograph is 6-6X7 mm: photograph taken In plain transmitted light. 
USNM spseimen R677. 



Ixjwca eight : Photomicrograph of a cleavage fragment of topss in trans- 
mitted light between crossed polarisers, showing large amounts of 
daughter mineral (unidentified) in presumably paeudoaeeo ndary In- 
clusions Most of the daughter mineral, are birefringent. although some 
are so Ane grained that their birefringence Is not visible here. A few 
are visibly ieotropic, particularly fn the large Inclusion, where they 
abut the vapor bubble, making It angular. The different amounts and 
kinds of daughter minerals in tbe several inclusions, and the dif- 
of vapor phase, indicate that at least 
of theae inclusions were probably Interconnected in the pact* 
and rvcrystaQltation (necking down) has resulted in Isolating material 
of diverse composition in different Inclusions, Occasion ally thin tubes can 
be seen still connecting such Inclusion!. tSee pi. 10. fig. 4). Area of 
0.8X1.1 mm. USNM Rukuba tin mine, Nigeria. 
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ABSTRACT 

Fluid inclusions in minerals and rocks preserve for us tiny 
samples of the fluids that have been present during, and that 
have in part caused, a number of geological processes, includ- 
ing ore deposition. Although the original material trapped in 
them was generally a homogeneous fluid at the time of trap- 
ping, most inclusions have undergone changes on cooling to 
surface temperatures, resulting in the formation of new 
phases such as a gas bubble, immiscible liquids, or daughter 
minerals. This report is mainly a compilation of the world 
literature on the methods and results of study of their com- 
position, but it also include* various unpublished data by 
the author. 

Most inclusions are extremely small and may average leas 
than 10 micrometers in diameter. A single inclusion of this 
size contains a total of only 10'" gram of material: hence, 
it cannot be analyzed by ordinary chemical techniques. But a 
surprising amount of useful qualitative and ttmiquantitative 
compositional data on the nature of solid, liquid, and parous 
phases present can be obtained by a series of relatively simple, 
nondestructive microscope procedures. These procedures, and 
their limitations, are discussed in detail and are illustrated 
with a series of photomicrographs. Additional methods that 
yield qualitative or semiquantitative data, but require de- 
struction of the samples, are also described. 

These various procedures have shown that although in- 
clusions of organic liquids and gases are common in some 
localities, most fluid inclusions consist of a liquid water solu- 
tion. At room temperature, the gas bubble usually contains 
only water vapor at 0.03 atmosphere pressure, but it may 
consist of CO. at pressures up to 70 atmospheres. Where a 
second, immiscible liquid phase is present, it is generally 
found to be liquid CO* The daughter minerals that form in 
some inclusions after trapping have been studied intensively, 
as they are compounds that were sufficiently concentrated in 
the original fluid that they were precipitated when saturation 
»as reached on cooling. Small, isotropic cubes are by far the 
most common daughter minerals, as they are found in samples 
from many environments; they have been identified as halite 
by several procedures. Many other daughter minerals have 
been recognized, including particularly sylvite, calcite, and 
hematite, a number of rare carbonates, fluorides, and fluo- 
bo rates, and many as yet unidentified species. Large amounts 
of such daughter minerals are found in inclusions from 
certain types of pegmatites, from porphyry copper deposits, 
and from several other environments. 

Many igneous rocks and meteorites also contain fluid in- 
clusions, but the "fluid" now consists of silicate crystals or 
glass, representing a former silicate melt Such melt inclu- 
sions are not covered in this report, although their study 
involves many of the same techniques. 

Quantitative analyses of single, large ( — 1 millimeter) in- 



elusions have been made by semimicro-, micro-, or ultra- 
microchemical methods. More commonly, the fluid from a 
large number of smaller inclusions is extracted by crushing 
and leaching to provide enough material for analysis by more 
conventional methods. More than 2,400 partial to relatively 
complete quantitative analyses of fluid inclusions have been 
reported in the literature and ore summarized here in tables. 
Many of these are for gaseous constituents only. The signifi- 
cance of most of these data is seriously limited by problems 
of sample selection and extraction procedure. In addition, 
analytical procedures adequate to provide quantitative data 
on the very small samples of fluid usually obtained require 
considerable care to avoid major contamination, and loss, 
from a variety of sources. Some of the procedures reported 
(for example, for pH) cannot fail to give grossly erroneous 
results except under very limited conditions. There is no 
known panacea for these problems, and as a result of the 
many variables involved, it is unlikely that a standardized 
analytical procedure, suitable for most samples, will be de- 
veloped. Many of the newer analytical tools have been or 
soon will be applied to inclusion analysis and considerable 
progress can be expected, but the nature of the sample* and 
extraction procedures used are the prime considerations in 
evaluating the precision, the accuracy, and most important, 
the significance of any measurements obtained. 

Representative analyses are given from a number of pub- 
lished papers, and some unpublished data, along with a dis- 
cussion of their limitations and geological significance. The 
different types of geologic environment show grossly different 

The many analyses that have been made of the "organic" 
gases and liquids present as inclusions in the minerals of 
some igneous rocks show appreciable amounts of a variety of 
compounds of high molecular weight, in addition to major 
amounts of H„ CO, CH, and C.H., but the question of inor- 
ganic versus organic origin is still open. 

Aqueous inclusions have been analyzed by a variety of 
methods. The concentration of salts in the inclusion fluid as 
trapped is generally less than 10 percent by weight, but may 
range from more than 50 to practically 0 percent. The salts 
consist of major amounts of Na", K", Ca*', Mg", CI' 1 , and 
SO."', with lesser amounts of Li", Al'\ BO."', PO^'. 
HSiOi '. HCOi~', COi~*, and many other ions. Many individ- 
ual ions in this list may predominate, although Na" and CI" 1 
are generally the most abundant. Free carbon dioxide, both 
as liquid and gas, is not uncommon and may be dominant. 

The references include those papers concerned directly with 
various aspects of the composition of inclusions. As many of 
the methods for inclusion geo thermometry are inextricably 
connected with considerations of inclusion composition, those 
papers that present geothermometric data also are included 
and are annotated briefly in a table. 

JJ1 
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INTRODUCTION AND GENERAL BACKGROUND 

GENERAL NATURE AND FREQUENCY OF OCCURRENCE 
OF FLUID INCLUSIONS 

The tiny droplets of aqueous solution, carbon 
dioxide, oil, or other fluids that occur in most min- 
erals are called fluid inclusions. They are small and 
frequently remain unnoticed, but as is shown on 
plates 1 through 12, they may be found in samples 
from a wide variety of geological environments. The 
cavities they occupy in the minerals may be flat, 
roughly spherical, irregular, or faceted "negative 
crystals." In most natural samples, the shape of the 
inclusions is the result of recrystallization processes 
and generally differs greatly from the original shape 
at the time of trapping. 

HOW INCLUSIONS ARE TRAPPED AND THE 
ENVIRONMENT AT THE TIME OF TRAPPING 

Basically, inclusions are samples of fluids that 
were present when the enclosing minerals grew or 
recrystallized, usually from these same fluids. Im- 
portant but relatively rare exceptions are the gas 
bubbles that occasionally are trapped in minerals 
growing from gas-saturated or boiling liquids (pi. 
9, fig. 4; Ermakov and Kalyuzhnyi, 1957; Kliya and 
Lemmlein, 1961) and the globules of immiscible 
fluids, such as oil (frontispiece, upper left; pi. 4, fig. 
5) , or COi. (pi. 4, fig. 6) , that are sometimes trapped 
along with the water phase (Roedder, 1963b). Still 
another and probably rarer exception would be the 
formation of inclusions by coalescence of materials 
formerly distributed through the solid on an atomic 
or molecular scale. Thus Dolgov (1959) believes that 
some fluid inclusions in quartz form from the fluids 
present during later recrystallization of silica gels, 
and others assume that similar processes have oc- 
curred during the formation of "colloform" sphale- 
rite. But Roedder (1968b) has shown that these 
"colloform" textures are not colloidal in origin. The 
differences are important in any discussion of the 
pertinence of fluid inclusion composition to prob- 
lems of the chemistry of ore fluids. 

Mollwo (1941) formed gas inclusions in synthetic 
crystals of impure KBr by a solid-state reaction near 
the melting point of the crystal, and Griggs and 
others (1966; and D. T. Griggs, written commun., 
1966) made H«0 inclusions up to a maximum dia- 
meter of 0.2/im (micrometer) by annealing an ex- 
perimentally deformed synthetic quartz crystal con- 
taining much hydrogen. One obvious parallel is the 
formation of air inclusions in crystals of ice formed 
by the compaction of snow (Langway, 1958; Schol- 
ander and Nutt, 1960). 

Fluid inclusions may be trapped by: (1) Crystal 
growth irregularities or fluid inhomogeneities (lur- 



ing the formation of the enclosing mineral; these 
are called primary inclusions (pi. 1, figs. 1-6; pi. 5, 
fig. 1; pi. 9, figs. 2, 3; frontispiece, upper right) 
(Zerfoss and Slawson, 1956 *, Brooks and others, 1968 ; 
Shlichta, 1968), by (2) healing fractures formed in 
the crystal during its growth — pseudosecondary in- 
clusions (frontispiece, all four photomicrographs) 
(Ermakov, 1949a), or by (3) healing of fractures 
formed at some subsequent time — secondary inclu- 
sions (pi. 4, figs. 1-3; pi. 10, figs. 1, 2) (Lemmlein, 
1929). Fluid inclusions are found in the minerals of 
most rocks and ore deposits, and hence constitute 
evidence of the almost universal presence of a fluid 
phase during the geological events yielding these 
materials. 

Many papers on inclusions state various criteria 
that can be used to distinguish between primary, 
pseudosecondary, and secondary origins, and a dis- 
cussion of this subject is beyond the scope of this re- 
port. However, it should be noted that two of the 
most commonly used criteria, negative crystal shape, 
and occurrence in euhedral crystals, projecting into 
vugs, are generally invalid (Roedder, 1967a, 1968a) . 
(Also see frontispiece). 

Care must be used in the interpretation of the 
composition of inclusions, as they do not always 
represent the composition of the fluid from which 
the enclosing mineral actually formed. This is partic- 
ularly true when minerals form from a fluid con- 
taining droplets of another immiscible fluid. Such 
fluid inhomogeneities may cause the trapping of inclu- 
sions of the immiscible droplets in large numbers, 
with very little or none of the other fluid from which 
the crystal grew (pi. 4, fig. 5; pi. 9, figs. 2, 4). Exam- 
ples include (1) vapor bubbles, formed in hydrother- 
mal fluids by sudden release of pressure (Barabanov, 
1958a, 1965, 1967 ; Roedder and Coombs, 1967 ; Laz'ko 
and others, 1968) ; (2) carbon dioxide in hydrother- 
mal fluids (pi. 5, fig. 1 ; Roedder, 1963b, p. 189) ; (3) 
saline brine in granitic melts (pi. 4, figs. 7-9 ; Roedder 
and Coombs, 1967) ; and (4) liquid oil in saline brine 
(pi. 4, fig. 5; pi. 9, fig. 2; frontispiece, upper left; 
Roedder, 1963b, 1965a). 

Minerals from certain metamorphic rocks, partic- 
ularly those recrystallized in a water-deficient envi- 
ronment (Yoder, 1955), are generally free of fluid 
inclusions, as are those from most meteorites and 
many, but not all. lavas. 1 Thus fluid inclusions are 

1 Thoaa mlnarab tbat have formed from a ailirele-rirh fluid (magma), 
a* In meteorilea, lara*. lunar templet, and maoy terrestrial fntruaive 
Icneuua rorka, normally contain "fluid incloeiona" eoniiatine* of th* taper- 
cooled tibcete fluid, now either a flaee or partial* cryttalliaed (da- 
vitrified > >la... Tb.-.e uiuelly contain alao a vapor bubble, formad by 
differential ihrinaagc and bene, may be mUtaken lor ..cllnary aoiuoua 
fluid inc!ii»ion» Evcmt f.if jmttai of Wantinrallon. turn allirele In- 
clu.Uini. are not <IJ«rt.i>r.t In Ihi. mwrt. 
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generally not found in materials believed to have 
formed deep in the earth, such as diamonds and the 
minerals of the eclogites, with the notable exception 
of the C0 2 inclusions in the minerals in the olivine 
nodules brought to the surface with many alkalic 
basalts (Roedder, 1965d) and in certain meteorites 
(Yasinskaya, 1967). Bauer and Spencer (1904, p. 
119) and Schlossmacher (1932, p. 348-351) refer to 
fluid inclusions in diamond, containing liquid water, 
liquid C0 2 , and (or) gas. These and similar state- 
ments have been widely quoted ever since, but un- 
fortunately, the criteria used for phase identifica- 
tion are never stated. Sutton (1928, p. 42) calls 
these statements "a favourite myth." The present 
author has examined many inclusions in diamond, 
including the sample described and illustrated by 
Eppler (1961, figs. 19 and 20), and has not seen any 
recognizable liquid, C0 5 or otherwise. 

SIZE, VOLUME, AND NUMBER OF INCLUSIONS 

Inclusions are seldom larger than 1 mm (milli- 
meter) (see frontispiece, upper right), although 
museum specimens with single inclusions contain- 
ing 10 or even 100 ml (milliliters) of fluid are 
known (Hidden, 1882; Prikazchikov and others, 
1964; Prikazchikov, 1959). The number in any given 
sample is usually related inversely to inclusion size, 
for very small inclusions are much more abundant. 
Inclusions in the size range 1 >>m to 10 ^m outnum- 
ber all inclusions of greater than 10 ^m size by a fac- 
tor of 10 or even 100. Zirkel (1873) reports a hauy- 
nite with an estimated 3.6x10' 1 inclusions per cubic 
centimeter. Electron microscopy of fractured mineral 
surfaces has shown the existence of large numbers of 
very small inclusions on mineral grain boundaries. 
Thus Sella and Deicha (1962a, 1962b, 1963) and Dei- 
cha and Sella (1963) show inclusions as small as 0.02 
fim, trapped on intergranular surfaces; they number 
more than 10' per square centimeter of surface. Al- 
though very numerous, these inclusions are of such 
small volume individually that they would amount 
to only about 0.01 volume percent of the rock. Pre- 
sumably there is no break in the series between these 
inclusions (— 200 A in diameter) and single dis- 
locations (~ 2 A). 1 Much white quartz contains 10* 
inclusions per cubic centimeter, but as these inclu- 
sions average about 1 ^m in size, the total fluid con- 
tent is only about 0.1 weight percent (fig. 1). The 
white appearance is due to multiple reflections at the 
inclusion interfaces, and hence the coefficient of 

•McLaren and Phaser (lMSbl report observation of approsimatelr 10" 
voids or "bubbles" per cubic centimeter of white quarts, using transmia. 
aion electron microscopy. Tbe sise ranted from 100 to 10*0 A. At $00 A 
the quarts would have about 1 percent voids, tbe walk of which are 

1M7). 
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Fmuaa I. — Volume and wricht <>f spherical fluid Inclusions, amumiiur a 
fluid of density 1.0 c cm'. (Modified from Roedder, IMS. I 

transmission of light can be used as a measure of the 
inclusion content (Ushakovskii, 1966). "Turbid" 
feldspars also have large numbers of fluid inclusions 
(Folk, 1955). 

Some samples contain far more than 0.1 percent 
inclusion fluid, and the volatile constituents present 
in these inclusions, such as water and C0 3 , may 
cause major ambiguities and errors in analytical 
determinations of these constituents in rocks and 
minerals (Faber, 1941; Ermakov and Myaz, 1957). 
Fluid inclusions may also contribute as much as 100 
ppm (parts per million) of each of several non- 
volatile constituents to the total analysis of even 
"pure" mineral separates and may cause serious 
errors in the determination of the density of min- 
erals (Piznyur, 1957; Ermakov and Myaz, 1957). 
Thus Hawes (1881) described a quartz with a high 
concentration of inclusions that has a density of 
2.625 g/cm' (grams per cubic centimeter) (fig. 2), 
and Langway (1958) used the density of ice to deter- 
mine the volume of the numerous gas inclusions 
present. The violent decrepitation of many minerals 
when heated is due, in large part, to the explosion 
of the fluid inclusions. 1 

HISTORICAL DEVELOPMENT AND SIGNIFICANCE OF 
INCLUSION STUDY 

Other than brief mention in some of the ancient 
literature from St. Augustine's time (see Correns, 
1954), the first specific description of inclusions is 
by Abu Reykhan al-Biruni, a central-Asian scholar 

* Tbe internal pressures are oeeaalonsUy adequate to cause explosion 
wliiwsi heating. Thus, a quarts crystal decrepitated ipontanpo-jily and 
broke tbe (bass In Its museum display case (Prof. R. Parker, Zurich, oral 
coeamun, 1MI) ; similar decrepitation on a much bursar stale has occurred 
la saltmines. (Seep. JJ4I.I 
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Ftcow 2. — Caleulated variation In density of quarts from preaenec of 
BuM-nlled Inrlusione ronUinfna- all liquid solution rdenaity. 1.1 ST'cm*) 
on all ru rdenaity. 0,0 i/ena'l. Density of pur* quarts aasumad to be 
S««S« i/inl. (From Roadder. 19*6. » 



of the 11th century (Lemmlein, 1950b). Robert 
Boyle's description of a large moving bubble in 
quartz (Boyle, 1672) is apparently the first refer- 
ence in English. The early naturalists showed con- 
siderable attention and interest in these large in- 
clusions (Dewey, 1818; Dwight, 1820; and others). 
Although there are several earlier reports on the 
nature of the fluids trapped (Dolomieu, 1792; and 
others), the first actual "analytical" work to estab- 
lish the composition of specific inclusions was that 
done by Breislak (1818), Davy (1822), Brewster 
(1823a), and Nichol (1828) ; such work was used 
as very strong evidence to support the Neptunist 
theory of the formation of minerals and rocks from 
water. In the following 140 years a large number 
of investigations of fluid inclusions were made, for 
a variety of reasons. Many were aimed at using or 
disproving a thesis proposed by Sorby (1858) that 
the gas bubbles present in the fluid of most inclu- 
sions — but not all (see pi. 11, fig. 6) — were the re- 
sult of differential shrinkage of the liquid and the 
enclosing mineral during cooling from the higher 
temperature of trapping to the temperature of ob- 



servation.' Sorby showed that the coefficient of ex- 
pansion on heating (and, conversely, the coefficient 
of contraction on cooling) for a variety of liquid 
solutions resembling the fluids in inclusions was one 
or two orders of magnitude greater than the coeffi- 
cients for the enclosing or "host" mineral. Hence, 
he reasoned that the temperature of trapping can be 
estimated by heating the sample to the point that the 
bubbles disappear. This use of fluid inclusions is dis- 
cussed in more detail in chapter II of "Data of Geo- 
chemistry," which deals with geologic thermometry. 
(Also see pi. 8, fig. 1.) Although most of the early 
work is descriptive only, there are occasional qualita- 
tive analytical data (for example, Zirkel, 1870b), 
and a few quantitative analyses were made without 
the benefit of modern techniques and apparatus. In 
spite of these limitations, the work of such men as 
H. C. Sorby and Ferdinand Zirkel is surprising; 
many of their conclusions about the significance of 
inclusions have stood the test of time, and many of 
their observations are still valid and useful 100 years 
later. 

Inclusions were a subject of intense study and 
debate by many geologists during Sorby*s time, and 
some of the conclusions from their study were so 
disturbing to certain schools of geologic thought that 
many efforts were made to discredit them. Phillips 
(1875) pointed out that there are large variations 
in the composition and nature of different inclusions 
in the same sample and that Sorby had obviously 
oversimplified the problem. Even today, some believe 
that proof of the secondary origin of many inclu- 
sions, and of the possibility of later addition or loss 
(leakage), essentially or totally negates their sig- 
nificance. Thus Pen-in and Roubault (1952) dismiss 
them as being secondary features of no consequence, 
and many others are reluctant to accept inclusion 
data in the mistaken belief that widespread or uni- 
versal leakage of fluid inclusions is a proven fact. 
The writer believes that leakage of fluid inclusions in 
nature has occurred, but is comparatively rare (for 
example, see frontispiece, upper right) ; documenta- 
tion is given in a separate publication (Roedder and 
Skinner, 1968). Actually these very ambiguities of 
origin and subsequent environment may cause the 
data to have greater significance, provided that the 



♦ Frequently the gae or vapor bubbles In the liquid I which vary from 
high pveaaure IU t» nearly a tacuum) are tanned "libellae" In the oMer 
literature, and whole inclmmne, regardless of phases fmrnt, are termed 
"vacuo!.." »r •■lacunar;" but berauae of chaorinr usage, none of these 
l"i»> ■» free of ambiguity. Probably the term '•bubble" la moat appro- 
priate r.»r the car or vapor phase in a surrounding bquld, but unfortu- 
nately k,m goWiiui apply thl« term incorrectly to the whole inclusion of 
liu.iid and ga. or »ap. 
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techniques used are adequate to resolve the ambigui- 
ties. Error can arise when the conclusions drawn are 
broader than the available facts and limitations jus- 
tify, and unfortunately there have been several such 
papers published, both pro and con, that have caused 
considerable misunderstanding. Regardless of their 
origin and history, inclusions do represent actual 
samples — the only samples we have — of former fluids 
existing at some time in the history of the earth. As 
such they are important clues in understanding the 
geological modus operandi. 

Many studies of fluid inclusions involve their use 
as geological thermometers, in part as an aid in the 
search for hidden ore bodies (Ermakov, 1966b; 
1968b, and other papers in the same volume). As 
such geothermometric studies are inextricably con- 
nected with the problems of the composition of the 
fluids, and as compositional data on the included 
fluids are required by many of the methods used in 
this work ( Ermakov and Laz'ko, 1949 ; Vul'chin and 
Ermakov, 1965), and for all attempts at correcting 
the geothermometric data for pressure (Kennedy, 
1950a; Lemmlein and Klevtsov, 1956a), such studies 
are listed in table 1. Many methods have also been 
proposed for using inclusions to estimate or at least 
place limits on the pressure at the time of formation, 
all of which require compositional data. These meth- 
ods are based on the vapor pressure of the solution 
(Roedder, 1967a) ; on the enclosure of fluids as- 
sumed to be totally immiscible under the conditions 
of trapping (Johnsen, 1920; Kalyuzhnyi and Koltun, 
1953; Kalyuzhnyi, 1955a, Rutherford, 1963; Ypma, 
1963; Roedder, 1963b. p. 176-177) ; or on the enclos- 
ure of fluids assumed to be partially miscible (that 
is, exhibiting some mutual solubility) under the con- 
ditions of trapping (Smith and Little, 1959). Even 
the trapping of an originally homogeneous fluid 
mixture will allow some limits to be set on the range 
of P-T conditions, if the phase diagram is known, as 
in system H^O-COi-NaCl (Takenouchi and Kennedy, 
1965b). 

There have been several attempts to use the types 
and nature of inclusions — both liquid and solid — as 
"fingerprints" to identify the provenance of quartz 
grains in sandstones (Ermakov, 1960a; Keller and 
Littlefield. 1950; Dolgov, 1954). The author believes 
that such studies, although difficult, may eventually 
be very useful in unravelling a number of problems 
in statigraphy and sedimentation. 

Fluid inclusions are especially useful as clues to 
the nature of the ore-forming fluid. Far too com- 
monly the ore-forming fluid for a given deposit is 
simply assumed to have been rich in those consti- 



tuents that were deposited — rich even in proportion 
to their abundance in the deposit! Noble (1950, p. 
244). writing about the Homestake gold deposit, is 
one of the relatively few who do not make this as- 
sumption. But what is known concerning the " • • » 
very large amounts of volatile constituents and sol- 
uble salts [which] must have passed through the 
formation without leaving any record"? Fortunately 
his statement is generally not true; fluid inclusions 
can usually be found (pi. 5, figs. 3-5) and can pro- 
vide a record of these fluids, albeit complex, frag- 
mentary, and minuscule. 

BRIEF SUMMARY OF INCLUSION COMPOSITION 

As this chapter deals mainly with the methods of 
study used and the data obtained on the composition 
of fluid inclusions, a preliminary summary of their 
composition may be useful. By far the most abundant 
type of inclusion consists of a liquid of low viscosity 
and a gas or vapor bubble having a volume generally 
less than that of the liquid. The ratio of liquid vol- 
ume to total volume is sometimes termed the "degree 
of fill." The liquid is generally a water solution with 
less than 10 weight percent total salts, but concen- 
trations range from more than 50 to practically 0 
percent. The salts consist of major amounts of Na+', 
K+\ Ca+*. Mg+*. CI-', and SO,-*, with lesser 
amounts of Li+', Al+», BO.-», PO*-*, HSi0 3 \ 
HCOs -1 , COa - *, and many other ions. Many individ- 
ual ions in this list may predominate, although Na+> 
and CI-' are generally the most abundant. Carbon 
dioxide, both as liquid and gas, is not uncommon 
and may be dominant The bubble generally results 
from shrinkage, because the shrinkage of the homo- 
geneous (one-phase) fluid that was originally 
trapped is much greater than that of the surround- 
ing mineral when cooling occurs. As such, the bubble 
may consist only of water vapor at the few milli- 
meters of vapor pressure — practically a vacuum — 
characteristic of most water solutions at room tem- 
perature. In other inclusions it is a highly com- 
pressed gas that was originally dissolved in the 
trapped fluid. 

If, upon cooling from the temperature of trapping 
to surface temperatures, the fluid becomes super- 
saturated with a soluble salt such as NaCl, or any 
other mineral, these minerals may crystallize from 
the fluid as one or more new crystals, called daugh- 
ter minerals* These daughter minerals may, in turn, 

' In the rather r»lm»l»» Roaaian literature on alien tmtaU. thmy are 
described by the term "mineraiy-aMukt," which may b« translated literally 
a* "captive" cr "prieoner" mineral: aa tbia may give an Incorrect concept 
of origin, the author (Roedder. IM&b) ha* Introduced the teem "daughter" 
mineral. Thia change ii made particularly neeeeeary by Uie fact that 
another term. "aalihTaehennye," meaning "trapped," ia eometiniea need for 
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have inclusions of liquid plus gas in them that were 
trapped during their crystallization on cooling (Sa- 
fronov, 1957b) . The writer has observed this rather 
common occurrence in the large halite daughter 
crystals in inclusions in Colombian emeralds (pi. 2. 
fig. 6). In addition to the formation of daughter 
minerals, there is nearly always some further crys- 
tallization of the host (enclosing) mineral from the 
fluid, but this is merely added to the walls and is 
usual!: both insignificant and invisible. 

Occasionally during the growth of a crystal, solid 
crystals of the same or other phases become trapped. 
It is not uncommon for such trapped solid inclusions 
to cause simultaneous trapping of the surrounding 
liquid as a funnel-shaped inclusion pointing in the 
direction of growth, so that the solid inclusion ap- 
pears partially surrounded by fluid and resembles a 
daughter mineral (Eppler, 1963; GUbelin, 1964; 
Pough, 1965; Flanigen and others. 1967; and Khai- 
mov-Mal'kov, 1959). (See also pi. 1, figs. 1-5.). The 
difference in origin makes it very important that 
these two cases be clearly distinguished. 

Not uncommonly the originally homogeneous fluid 
breaks up upon cooling to form two immiscible fluids 
and a gas bubble. Some authors use the general 
term "three-phase inclusion," without definition, 
when referring to such inclusions; others use the 
same term to mean inclusions containing a crystal, 
liquid, and vapor. The resulting ambiguity is some- 
times unresolvable and always undesirable. Usually 
when there are two liquids and a gas bubble in a 
given inclusion, one is liquid water solution, one is 
liquid carbon dioxide, and the gas bubble is carbon 
dioxide under pressure (pi. 7, figs. 9, 10). More 
rarely, the second liquid, immiscible with water, is 
a liquid hydrocarbon ; such inclusions may be formed 
by trapping of an originally inhomogeneous suspen- 
sion of hydrocarbon fluid in water (pi. 9, fig. 1; 
frontispiece, upper left). 

Many inclusion papers present classification 
schemes for inclusions, some of which are rather 
elaborate (Ermakov, 1950a, 1968a). These classi- 
fications are mainly compositional, with categories 
based on the phase composition at room temperature 
and further subdivisions based on arbitrary divi- 
sions of the absolute amounts of the various phases. 
Other schemes involve factors such as the behavior 
on homogenization (also a function of gross com- 
position), cause of trapping, origin (time of trap- 
ping), degree of crystallinity, presumed state of ag- 
gregation at the time of trapping, and geological 
environment. Most of the objective schemes are not 
particularly useful as their categories are of no real 



significance and are based on arbitrary ranges of 
features that are difficult to measure. The subjective 
schemes, particularly the one based on origin, are 
much more significant and useful, but can rarely be 
applied systematically and without ambiguity. 

LITERATURE SUMMARIES 

The literature on fluid inclusions is very large and 
very scattered. F. Gordon Smith (1953a) presents 
a comprehensive annotated bibliography of more 
than 400 papers on the subject of fluid inclusions 
published prior to 1953, but as a result of a con- 
siderable increase in interest in fluid inclusions in 
recent years, the literature has more than doubled 
since 1953. As little of the Russian literature is cov- 
ered by Smith. Lemmlein (1956b) presents a short 
review of much of the Russian inclusion work as an 
appendix to a Russian translation of Smith's book; 
this appendix has been translated into English. 
Short reviews have been published on inclusion re- 
search in general (Deicha, 1964), on studies of fluid 
inclusions in minerals from India (Dekate, 1962), 
and on the significance of inclusions in ores (Bartho- 
lome, 1966). 

Other than Smith's book, there are very few gen- 
eral references on the subject in English. Anyone 
interested in inclusions should read Sorby's classic 
article (Sorby, 1858), which shows him to be re- 
markably perspicacious. There have been a number 
of review articles published in Russian, including a 
49-page summary of work on inclusions in hydro- 
thermal minerals (Gurevich, 1961), and reviews of 
recent work in the U.S. (Bogoyavlenskaya, 1965), 
France (Aksyuk, 1965), and Europe and Asia (Bo- 
goyavlenskaya, 1968). Several books in English have 
short summaries (for example, Frondel, 1962), and 
the author has published a semipopular account 
(Roedder, 1962b) and a discussion of fluid inclusions 
as samples of the ore-forming fluid (Roedder, 
1967a). GUbelin (1953) published a 220-page book 
dealing with the identification of gemstones on the 
basis of the appearance of their inclusions, both 
solid and fluid. Deicha (1955) published a 126-page 
book on inclusions, in French, with over 100 refer- 
ences. A 169-page book in Ukrainian on inclusion 
study (Kalyuzhnyi, 1960) emphasizes the methods 
of identification and study of the phases present, 
particularly as used by Kalyuzhnyi and his co- 
workers. Lesnyak (1964) published a 219-page re- 
view (in Russian) of inclusion studies, covering 
150 Russian and 42 non-Russian references. Kosty- 
leva (1964) published a 99-page book in Russian, 
dealing mainly with decrepitation of quartz samples 
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(66 references). D. N. Khitarov (1965a) published 
an extensive review, in Russian, of fluid inclusion 
composition studies (189 pages, 336 references). 
Two 1967 volumes summarize the very extensive 
Russian work on organic compounds (in the broad 
sense) in fluid inclusions in igneous rocks and ore 
deposits. These are a 121-page summary of the or- 
ganic compounds in inclusions in the Khibiny alkalic 
massif (Ikorskii, 1967a), and a 147-page collection 
of 12 articles by various authors (Dolenko, 1967). 
At the time of the present writing none of these 
books was available in English translation. 

The first book on the subject was by Ermakov 
(1950a). (Sometimes this name is transliterated 
and indexed as "Yermakov.") This 460-page Rus- 
sian book has been translated into English ; it sum- 
marizes in particular the extensive Russian work in 
the field up to 1950 and presents a classification of 
fluid inclusions. (See also Ermakov, 1965c, 1968a). 
Since its publication, a series publication, the 
"Transactions of the All-Union Research Institute of 
Piezo-optical Mineral Raw Materials" (Trudy 
VNIIP, Vsesoyuznyy Nauchno-Issledovatel'skiy In- 
stitut P'ezoopticheskogo Mineral'nogo Syr'ya), has 
been established with Ermakov as chief editor. Of 
this series volume I, part 2 (177 p., Moscow, 1957), 
consists of 19 papers on inclusions, and volume II, 
part 2 (134 p., Moscow, 1958) contains 37 papers on 
inclusions; English translations of these are bound 
in with the published translation of Ermakov's book. 
(See headnote to "References".) Additional parts 
and at least five more volumes of this series are 
known to have been published, but at the time of 
writing these volumes were not available to the 
author. 

A symposium dealing mainly with inclusion stud- 
ies was held in Moscow on May 17-24, 1963, where 
more than 60 papers were presented. A brief sum- 
mary of this meeting is given by Ivanova and Zak- 
harchenko (1963) (see also Anonymous, 1963), and 
a 328-page volume containing 42 papers relating to 
the symposium was issued under the title "Minera- 
logical Thermometry and Barometry" (Smirnov and 
others, 1965). It is not available in English at the 
time of writing. One of the papers in this volume 
gives a review of more than 400 analyses of inclu- 
sions taken from the literature ( Khodakovskiy, 
1965). A 264-page volume containing 38 additional 
papers stemming from this conference was issued 
in 1966 by the "Nedra" Press of Moscow (Ermakov, 
1966a) as volume 9 of the "Transactions of the All- 
Union Research Institute for the Synthesis of Min- 
eral Raw Materials." 



A second symposium on geothermobarometry 
(mainly by inclusions) was held September 20-25, 
1965 in Novosibirsk. The program for this meeting 
lists titles and authors of 102 papers.* The papers 
from this symposium were issued in two volumes also 
entitled "Mineralogical Thermometry and Barome- 
try" Volume 1 (Ermakov, 1968c, 368 p.) presents 
47 papers dealing with general physical and chem- 
ical problems of ore formation and the use of inclusion 
studies as an exploration tool. Volume 2 (Ermakov, 
1968d, 320 p.) presents 53 papers dealing with the 
thermodynamic regime of ore formation, detailed 
studies of individual minerals from specific stages of 
mineralization, and methods of inclusion study. 
These papers are included in the tables of this report 
and are mentioned briefly in the text where appro- 
priate, but they have not been translated into Eng- 
lish and hence are not discussed in detail. 

A third and even larger symposium on geothermo- 
barometry was held September 9—15, 1968, in the 
Moscow area. A 280-page volume has been issued 
by the Ministry of Geology of the U.S.S.R. giving 
abstracts of the 161 papers presented. These papers 
are not included in this review. A short summary of 
this symposium is given by Balitskii (1969). 

English titles for all and English abstracts for 
some of the papers presented at both the second and 
third Soviet symposia on inclusions are presented 
in the 1968 issue of "Fluid Inclusion Research — 
Proceedings of COFFI." This yearly abstract vol- 
ume is issued under the aegis of COFFI, the Com- 
mission on Ore-Forming Fluids in Inclusions of the 
International Association on the Genesis of Ore De- 
posits. It is privately printed in Washington and 
available from the author. 

In view of the need for a general review in Eng- 
lish of all inclusion studies, this report attempts 
to cover the available literature on the subject of 
the composition of the fluids and the wide range of 
methods used for their determination. Particular 
attention is given to the shortcomings, sometimes 
rather serious, in the applicability of the methods 
used and the significance of the data obtained. The 
following sections on nondestructive and destruc- 
tive methods contain many examples of data, mainly 
qualitative or semiquantitative, obtained by the 
variety of procedures described. The next section, on 
analytical data, deals mainly with quantitative re- 

* A fhort review of thi* cimfvrree* (Niumav tno 1 Kbodakovaltll, 1964) 
«t«t*» Itwt TH emvm w*re Pr*»*nt*d Doltov, Krmakov. »iwl I-ai'ko <l»6S) 
promt • ■ummsrr of 111* topiem dmruwrd. »n«l > r»vl»w of th» ptp.» 
or. in<rlu»it>n. pmented »l lh* Ud lntert»ti«n»l <><ik«lr>l ConcraM in 
Nc- Drlhl in 1»«4. Doliov HMD pnunu » 6-p«« muuu of th» 
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suits and generally does not duplicate the data from 
the previous sections. 

More than one-half of the total world literature 
on fluid inclusions has been published since the start 
of 1960. More than two-thirds of these items were 
from Russian sources. This tremendous increase in 
publications has made it necessary to establish a 
cutoff in the literature covered in this report. Al- 
though most of the papers published in 1968 are in- 
cluded, as well as some that were published in 1969 
and 1970 (mainly the author's own works) the lit- 
erature search is reasonably complete only up to 
1967. 7 Certainly many items have been missed, par- 
ticularly the gem literature and those larger geologic 
studies in which the inclusion work is only incidental 
and is not evident in the title or abstract. The author 
would welcome information about missing items. 
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' At indicated in table 1. report* on solid InrKutcm* and on flass fnchi> 
.ion., with or without daoehter minerals, and simple description* of the 

identification of composition or thermonwlric studies hare been excluded 



into this work, and he would welcome additions and 
corrections from his readers. 

NONDESTRUCTIVE METHODS OF 
DETERMINING COMPOSITION 

There is no panacea for the problems of deter- 
mining the composition of fluid inclusions. Except 
for the very large inclusions, whose analyses are 
relatively easy, no known method or combination of 
methods will give an accurate, unambiguous anal- 
ysis of any given inclusion in any given mineral 
Many different techniques have been used in specific 
cases, but none is universally applicable. Due to the 
extremely wide range in sample material and in the 
accuracy of the methods used, the available pub- 
lished analyses of fluid inclusions must be examined 
with considerable care. The major aim of this report 
is to describe the methods used, with particular em- 
phasis on their accuracy and applicability, so that 
the data obtained may be correctly interpreted. 

The vagaries of inclusion occurrence make it de- 
sirable to obtain as much information as possible 
from those few inclusions that happen to fulfill more 
than one of the specifications of an ideal sample, 
such as optically clear and measurable, large size, 
and known origin. Not infrequently, good evidence 
has been presented that the fluids from which a 
given crystal grew changed very markedly during 
the growth. As a result, it is almost impossible to 
obtain truly duplicate samples even of primary in- 
clusions, and the widespread occurrence of second- 
ary inclusions provides additional ambiguity. Thus 
it is important that all possible nondestructive tests 
be applied to any irreplaceable inclusion before a 
destructive test is used, even though they yield only 
qualitative or semiquantitative data. In many cases, 
qualitative or semiquantitative data are the only 
type that can be obtained. 

As the size of the inclusion to be analyzed de- 
the error and ambiguity in the individual 
determination increase rather rapidly, simultane- 
ously with an equally rapid decrease in the number 
of determinable constituents. This is a direct result 
of the fact that the volume (and weight) of an in- 
clusion are functions of the cube of its radius. (See 
fig. 1.) It might appear from this that only the large 
inclusions should be analyzed. Unfortunately, large 
fluid inclusions (greater than a few millimeters) 
are relatively rare, and very large fluid inclusions 
(>1 cm), permitting the use of ordinary analytical 
methods, are known to occur in only a relatively few 
localities in the world. If a given type of geological 
process is to be studied in several occurrences, or if 
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the complexities in a given geological occurrence 
are to be unraveled by a study of the fluid inclusions 
present, it is necessary to find them in many samples 
and parts of samples. Even inclusions 1 mm in dia- 
meter are sufficiently uncommon that they cannot be 
used in most such studies. In addition, a number of 
studies indicate that the probability of leakage into 
or out of a given inclusion increases rapidly with 
size (e.g., see Roedder, 1963b, p. 186). Resolution of 
the problems of analysis of the composition of fluid 
inclusions must be based on a compromise between 
the tremendous abundance of the smaller ones and 
the ease and accuracy of analysis of the larger ones. 
The simple expedient of taking a sample containing 
a large number of small inclusions, to get the same 
amount of fluid, can be used in those cases where 
most of the inclusions are presumably of one genera- 
tion (e.g. Roedder, 1958), but such procedures can 
introduce many additional problems such as con- 
tamination (discussed in "Quantitative Methods"), 
causing gross errors in some published analyses. 

Obviously, methods of analysis are needed that 
are applicable to individual very small inclusions, 
and the petrographic microscope, with various ac- 
cessories, provides a number of them. Most methods 
are based on optical identification of the phases 
present, and they use the rather surprising variety 
of properties that can be measured with the or- 
dinary petrographic microscope. The methods are 
only qualitative or semiquantitative at best, but they 
are all nondestructive and generally very quick and 
easy to use. Vogelsang (1869) pointed out that the 
identification of the phases present in inclusions can 
be ambiguous and that the simple explanation is not 
necessarily the right one. This is still true. There is 
some ambiguity in most optical identifications, par- 
ticularly if only one parameter is used, but addi- 
tional independent methods are generally available. 
Most significantly, these optical methods are exceed- 
ingly sensitive, as they work quite adequately on 
single inclusions weighing less than 10 _,, g (that is, 
under a 10-^m diameter). Although these methods 
are generally monitored by continuous visual obser- 
vation, standard microcinematography has been 
found useful in certain situations (Deicha and 
Taugourdeau, 1952; Roedder, 1965f; Rasumny, 
1965), and time-lapse photography, in others 
(Lemmlein and Kliya, 1952b; Loskutov, 1959b). 
Mel'nikov and Fratkin (1968) have used time-lapse 
photography with considerable success. 

Although there are several methods of handling 
irregular fragments (Feklichev, 1965), singly- or 
doubly-polished plates are by far the most suitable 



samples. The most appropriate thickness will vary 
with the opacity of the material, the size of the in- 
clusions in it, and the working distance of the micro- 
scope objective to the used, but thickness seldom ex- 
ceeds the range 0.5 to 5 mm. Preliminary searching 
can be done by viewing through crystal or cleavage 
faces or by viewing through ordinary crushed grain 
mounts in a matching index oil. Low magnification 
study of larger rough but transparent samples or 
sawn slabs can be aided by sticking a cover glass on 
the top surface with matching index liquid or by 
completely immersing the sample in a flat bottomed 
glass container of liquid of an appropriate index of 
refraction on the microscope stage. Trouble from 
internal total reflection at the inclusion walls can be 
in part avoided by special adjustable lighting (Roed- 
der, 1962a) although it is frequently easier merely to 
search for better inclusions. Special care is needed 
for effective microscopy of high index minerals such 
as sphalerite (Roedder and others, 1963). Inclined 
illumination from above or below the stage with a 
flexible fiber optics illuminator has proven inval- 
uable in the author's laboratory. 

Analytical procedures for inclusions in opaque 
minerals must generally be applied blindly, as the 
abundance and nature of the inclusions are unknown. 
Although single inclusions in the millimeter range 
could be located by X-ray procedures, even in a slab 
of galena 1 cm thick, the density contrast would not 
be adequate to differentiate between a full and an 
empty inclusion, particularly where the third dimen- 
sion is an unknown variable. Richard L. Sutton, Jr., 
M.D., (1964; oral commun., 1965), has shown, how- 
ever, that the actual water level in large (3-6 cm) 
"fluid inclusions" (water-filled agate geodes, also 
called water agates or enhydros) may be photo- 
graphed readily, through the opaque walls, by cor- 
rect X-ray exposure. 

Several additional nondestructive methods of 
study do not involve microscopy. Nuclear magnetic 
resonance procedures (Allegre, 1961; Pari and Du- 
cros, 1964) and sensitive differential thermal anal- 
ysis (see page JJ16) may be used to detect relatively 
small amounts of water. The large neutron cross 
section for hydrogen permits the location of even 
small water inclusions as shadows on neutron radio- 
graphs ; their position can even be determined in the 
third dimension through the use of stereo pairs (J. 
R. Dooley, Jr., and J. R. Shoptaugh, oral commun., 
1969). Neutron activation followed by gamma count- 
ing may be used on small samples with unopened 
inclusions. This method has not been tried, but it 
has some possibilities for certain elements, particu- 
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larly when present in large concentrations and in 
large inclusions. Such requirements are necessary to 
minimize the effect of "contamination" from the 
same element in the host mineral. It is difficult to 
obtain an unopened inclusion sample with more than 
1 percent fluid by weight, yet contamination from the 
host mineral in such an optimum sample would be 
as large as the amount of a given element being 
sought in the fluid inclusions, even if the concentra- 
tion in the fluid were 100 times larger than in the 
host 

COMPOSITION OF LIQUID PHASES 
FLUIDITY 

Even the rough estimates of viscosity that are 
possible from observations of bubble movement can 
be useful to differentiate highly viscous oils from 
low viscosity water solutions. One common source 
of trouble in the identification of "liquid" is the dif- 
ferentiation of glass from aqueous liquid. Sorby 
1858), Zirkel (1866), and Ermakov (1950a, p. 80 
in translation) list several criteria as follows (some- 
what modified) : 

1. Since the index of refraction of glass is closer to 
that of the host mineral, the borders of glass 
inclusions are not as dark from total reflection 
as those of water inclusions; conversely the re- 
lief of the bubble in a glass inclusion is greater 
than in a water inclusion. 

2. Glass inclusions frequently have more than one 
gas bubble, whereas water inclusions very 
rarely do and then only because of extremely 
irregular shape. 

3. A bubble in a glass inclusion does not move with 
gravity and often is not round. Bubbles in water 
inclusions, if free of the walls, will move like 
the bubble in a level, and if they are very small 
(<2 /*m), they may be in constant "Brownian" 
movement. 

4. A bubble in a glass inclusion changes only im- 
perceptibly on moderate heating (600° C) ; gen- 
erally much higher temperatures are needed 
for appreciable effects (Deicha, 1955), but 
Dekate (1963) mentions bubble movement at 
590"C. 

5. Glass frequently is somewhat colored but water 
solutions in inclusions are almost always color- 

6. Glass inclusions maintain their bubbles when 
truncated in slide preparation, or even when 
intersected by a crack. 

Very tiny inclusions are particularly difficult to 
identify. Ikorskii (1962) distinguished between 



minute gas and glass inclusions by putting oils on 
the surface of the slide ; opened gas inclusions were 
filled with oil and the walls became transparent 
rather than dark. 

The writer does not agree with an additional 
criterion based on inclusion shape proposed by 
Ermakov (1950a). He would, however, like to add 
the following criteria : 

7. Glass frequently shows some degree of natural 
devitrification, recognizable as crystallinity or 
as a "granular" appearance under well-colli- 
mated illumination. 

8. The bubble in aqueous inclusions frequently will 
move in the inclusion when a thermal gradient 
is impressed on it (as by touching a warm or 
cool needle to the section) . 

9. When held at high temperatures, glass inclu- 
sions may nucleate new crystalline phases that 
grow at rates in the range of micrometers per 
hour (Barrabe and Deicha, 1956). 

10. Even when the bubble in water inclusions is 
held immobile by the walls, small solid particles 
in the liquid may move with gravity (Brews- 
ter, 1823b), in a thermal gradient, or if mag- 
netic, with a changing magnetic field. 

11. When cooled, water inclusions eventually freeze. 
(See page JJ18.) 

12. Large glass inclusions may show cracks in the 
glass. 

13. Glass inclusions may have very high tempera- 
tures for complete homogenization. Although 
many aqueous inclusions homogenize at tem- 
peratures over 500 C C (see table 7), homogeni- 
zation temperatures over l,000 r C are more 
likely for glass inclusions. Bazarova and 
Dmitriyev (1967) report homogenization tem- 
peratures as high as l,670 a C for inclusions in 
leucite. 

Sorby (1858), and Zirkel (1868, 1870a, 1870b, 
1873, 1876) have described a number of the micro- 
scopic features of glass inclusions in some detail, 
which are not repeated here. 

COLOR 

With one observed exception, the water solutions 
in inclusions are not colored. Feklichev (1962) re- 
ports that in some very large inclusions in beryl, the 
liquid phase is seen to have a "notable greenish-blue 
color." The same samples contained greenish solid 
matter in some of the larger inclusions. Care must be 
used in determining the color of very small inclu- 
sions at very high magnifications ( ■ 1,000 to X 
1,500), as a variety of optical effects yield spurious 
colors. Many of the various hydrocarbon fluids found 
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in some inclusions are yellow or brown (frontispiece, 
upper left; pi. 4, fig. 5; pi. 9, figs. 2 and 3). This 
color may be used to differentiate oil from water in 
a number of samples and is usually assumed to b<? a 
positive test. Unfortunately, however, colorless or- 
ganic liquids also occur in inclusions (pi. 5, figs. 6 and 
7; Murray, 1957; Roedder, 1963b, p. 201-203). 

WETTING CHARACTERISTICS 

When several different fluids, such as glass, water 
solution, liquid CO?, oil, or gas, occur in the same in- 
clusion, they usualy take positions of minimum sur- 
face energy. When glass occurs, it is usually in con- 
tact with the walls, that is, it wets them, and any 
other fluids such as "vapor" (essentially a vacuum 
bubble), or liquid water or CO;, occur as bubbles 
within the glass (Roedder, 1965d; Roedder and 
Coombs, 1967). Ermakov (1950a, p. 80 in transla- 
tion) has noted that the bubbles in glass inclusions 
may appear "pressed against the inclusion wall." 
This is indeed common, and in some glass inclusions 
dozens of tiny gas bubbles will be seen at the walls. 
This probably results from a nucleation phenome- 
non, rather than representing the stable, lowest 
energy position, as gas bubbles can be seen to nu- 
cleate at the inclusion walls in some liquid water 
inclusions and then move away from the walla into 
the liquid where they coalesce. Zirkel (1873, p. 69) 
has described glass inclusions in which the bubble 
appears to be embedded in the wall of the surround- 
ing crystal. Presumably these result from later re- 
crystallization that changes the shape of the inclu- 
sion after nucleation of the bubble. The gas bubbles 
in glass inclusions which contain daughter minerals 
frequently are attached to these crystals, and oc- 
casionally small daughter minerals in aqueous inclu- 
sions will adhere to the liquid-gas interface (Deicha, 
1952b). 

Where water solution exists together with an 
immiscible CO- fluid (liquid or gaseous), the globule 
of C0 2 always occurs within the water solution, 
which, in turn, wets the walls and fills all minor 
reentrants in the cavity. Hartley (1876c, p. 249) 
noted that when no water is present, the liquid CO : 
may actually fail to wet the cavity walls. He does 
not state what criteria he used to verify that no 
water was present. If a large volume of liquid CO : 
is present it may press against the walls, but freez- 
ing data (Roedder, 1963b, p. 192) show that a film 
of water is usually present. When a gas bubble oc- 
curs with liquid water and liquid CO-, the bubble is 
always completely surrounded by the COz liquid, an 
observation first made by Brewster (1826a), many 
years before the true nature of the liquid CO a be- 



came known. This simple fact causes considerable 
difficulty in recognizing the presence of small 
amounts (~ 10 volume percent) of liquid C0 2 phase, 
unless the inclusions are strongly flattened (pi. 5, 
figs. 2-5; Roedder, 1963b, p. 195). In order to mini- 
mize these difficulties in observation of thin films, 
it is frequently useful to have the sample mounted 
in a microscope universal stage, although careful 
centering is required (Prof. W. C. Kelley, Univ. of 
Michigan, oral commun., 1967). In a very few ex- 
amples, the interfacial tensions between three dif- 
ferent fluids are such that the minimum energy con- 
figuration is that of partial engulfing (Torza and 
Mason, 1969). This is illustrated by the curved 
plane of contact between H 2 S liquid and H.S gas 
shown on plate 9, figures 7, 8, and 9. 

The same relationship is shown by vapor bubbles 
in inclusions containing immiscible oil and water. In 
these, the vapor bubble nearly always occurs in the 
oil phase, which is generally free from the walls of 
the inclusion if an aqueous phase is present to wet 
the walls. (See pi. 9, fig. 3, for exception.) Some oil 
droplets in strong brine inclusions in fluorite wet 
the walls preferentially (pi 9, fig. 1). An extreme 
example of preferential wetting is shown by certain 
multiphase oil inclusions in fluorite, in which one of 
the liquid organic phases wets only certain spots on 
the walls of the roughly spherical inclusions, cor- 
responding to specific crystallographic planes in the 
host fluorite structure (pi. 9, fig. 2; Roedder, 1962b, 
p. 40). 

IN'FRARF.n AM) I I TRAVIOl.ET ABSORPTION: 
FLUORESCENCE 

A very few inclusion fluids (organic liquids) 
fluoresce under ultraviolet illumination, and if the 
enclosing mineral is transparent to the ultraviolet, 
this simple test is very effective. It was first used 
by Reese (1898) to identify petroleum inclusions in 
quartz. (See also Ikorskii, 1964, 1966b, 1967a, 1967b, 
1968.) The test must not be considered definitive, as 
many organic liquids do not fluoresce. Thus Kiihn 
(1968) has found that not all bitumen inclusions in 
halite fluoresce. (Also see Wetzel, 1959.) 

Many of the phases and constituents present in 
fluid inclusions show very strong, sharp, and char- 
acteristic absorption spectra, particularly in the in- 
frared. For example, the five forms in which carbon 
dioxide may occur in inclusions— liquid CO*, gaseous 
CO* and in solution as HjCO*, HC0 3 ', and CO*- 1 — 
might be identified or even analyzed nondestruc- 
tive^ by means of their absorption spectra, obtained 
by passing an infrared beam through a polished 
plate of the mineral. In addition, some of the com- 
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mon minerals in which these inclusions occur, quartz, 
fluorite, and halite, are transparent to large seg- 
ments of the infrared spectrum. Except in special 
samples, however (Cifrulak and Cohen, 1969), this 
method appears to be unsatisfactory. The major 
problems are the inherently nonuniform distribution 
of "sample," that is, inclusion fluid, and the general 
nature of absorption spectra. Many of the sharp 
absorption lines occur superimposed on a broad ab- 
sorption band, and to recognize them, the sample 
density (path length) must be controlled. Unless the 
inclusions are very small and uniformly distributed, 
it is impossible to control the sample density and 
obtain sharp lines. Only a very small percentage of 
the beam passing through a mineral plate will tra- 
verse inclusions. For this part, the effective path 
length is so long that the broad band absorption for 
the ubiquitous constituents, water and C0 2 , gives 
complete absorption. The balance of the beam tra- 
verses no inclusions. The author has obtained broad 
adsorption bands, presumably assignable to liquid 
water, in infrared spectra of quartz and fluorite con- 
taining known inclusions, but the data were not 
really useful. The method has been of greatest use in 
distinguishing the various possible modes of occur- 
rence of hydrogen (including liquid inclusions) in 
minerals such as beryl and quartz (Brunner and 
others, 1961; Wickersheim and Buchanan, 1959, 
1965; Boutin and others, 1964; Wood and Nassau, 
1968). It revealed the presence of H 3 0, CO It and 
hydrocarbon compounds (as included Alms and as 
molecules in clathrate-type cages in the structure) 
in the mineral melanophlogite (Skinner and Apple- 
man, 1963; Appleman, 1965) and was used by Mc- 
Laren and Phakey (1966) to show the change in 
bonding of the hydrogen in quartz on annealing, 
from presumed OH-' ions in the structure, as 
formed, to H 2 0 molecules, presumed to be in newly 
developed very minute gas inclusions, after anneal- 
ing. 

The strong absorption of infrared light by liquid 
COj, causing local heating and homogenization, has 
proven to be useful as one criterion to identify 
liquid CO.. inclusions in olivine from the olivine 
nodules of basalts (Roedder, 1965d, and pi. 4, fig. 6) . 
As the infrared present in normal microscope illu- 
mination is frequently adequate to homogenize such 
inclusions, it may prevent their recognition unless 
special efforts are made to obtain illumination free 
from infrared. 

INDKX OK KKKRAC HON 

The index of refraction of fluids in inclusions may 
be roughly estimated from the apparent relief 



against the host mineral or each other. Thus glass 
inclusions (»»~1.50) in quartz (n=1.55) have much 
narrower borders (much less total reflection) than 
do inclusions of water solutions (n~1.35) ; the same 
is true for water solutions when compared with 
liquid CO* (»~1.18), and for liquid CO, when com- 
pared with gas inclusions (w—1.00). This criterion 
is so extremely sensitive to inclusion shape in the 
third dimension, however, that it must be used with 
considerable caution. It is not uncommon to find the 
apparent relief of two inclusions, of different shape 
and contents, reversed from that which the true 
indices of the fluids would indicate. Negative crys- 
tals are particularly misleading, as their steeply in- 
clined side facets may cause total reflection with only 
small differences in index. A close match of the two 
indices gives very useful information about the in- 
clusions (pi. 9, fig. 1), but may make observations 
of the inclusions difficult, as in the inclusions of 
water solutions in cryolite (»i=1.34) in which only 
the vapor bubble may be visible (Prof. Hans Pauly, 
oral commun., 1965). Similarly, Ermakov (1965b) 
reports liquid water inclusions from chambered peg- 
matites of Kazakhstan so concentrated in salts that 
they matched or exceeded the index of refraction of 
the enclosing fluorite (n=1.434). Some similar in- 
clusions from these deposits, provided through the 
courtesy of Prof. Ermakov, showed exceedingly 
strong brines when examined on the freezing stage 
(Roedder, 1963b, p. 180-181), but the index of re- 
fraction of the liquid (at room temperature) was 
less than that of the fluorite in all of them. 

The differences in index are usually so large that 
phase microscopy is not helpful. In some cases, how- 
ever, interferometry has been used to advantage 
(Tolansky and Morris, 1947; Lemmlein and Kliya, 
1952a; Loskutov, 1959a). Ingerson (1947) shows 
that dark-field illumination improves the visibility of 
small bubbles during homogenization experiments. 
The writer has found that reflected light, preferably 
from flexible fiber optics, sometimes helps to dis- 
tinguish between vague fluid-fluid interfaces and 
miscellaneous irregularities in the cavity walls. 
Meyer (1950) devised an ingenious method of com- 
bining reflected and transmitted light for high tem- 
perature microscopy, by using vertical illumination 
and a metallic reflecting surface below the polished 
mineral plate. 

As the index of refraction of water solutions 
varies considerably with the salts present (from 
1.33 for pure water to about 1.36 for strong brines), 
quantitative measurements are desirable. These are 
possible by several methods, the most elegant of 
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which is based on the angle for total reflection at a 
flat interface on the inclusion wall between the min- 
eral (of known index or indices) and the fluid (of 
unknown index). This method, using reflected light, 
was originally described by Brewster (1823a) to 
determine the index of refraction of a "strange new 
fluid" he found in inclusions, which was shown to 
be liquid CO.. many years later. 8 

Total reflection can be demonstrated, qualitatively, 
with any flattened two- or three-fluid-phase inclu- 
sion and a hand lens. Viewed in transmitted light 
from a distant, small source, all fluids will transmit 
light when the inclusion is perpendicular to the light. 
As the sample is gradually tipped, the gas phase 
will become black (totally reflect) first, then the 
liquids, in sequence. In liquid plus gaseous carbon 
dioxide inclusions it is even possible to watch the 
total reflection of the gas phase disappear, at con- 
stant tilt, as the warmth of the fingers vaporizes 
liquid COj and increases the density and hence index 
of refraction of the dense COj gas. 

Stegmiiller (1952) gives detailed nomograms for 
obtaining the index of refraction of inclusion fluids 
using transmitted light. Wahler (1956) improved 
the technique considerably and made it more gen- 
erally applicable, mainly by immersing the crystal 
in a medium of the same index of refraction. With 
this technique he measured a number of inclusions to 
second- and third-place accuracy, permitting esti- 
mates of salinity of the water phase. He found the 
procedure useful also to recognize single-phase gas 
inclusions, which show an index of 1.00; without 
such tests it is impossible to identify them. There is 
a possibility that the change in index of refraction 
of the liquids with temperature might be an effective 
parameter for their identification; Bokii and others 
(1961) have described a method for determining the 
index of refraction of liquids at temperatures as low 
as — 1S0°C. 

Kalyuzhnyi (1954) described a method, also based 
on total reflection, for obtaining the index of a liquid 
or solid inclusion, using a Fedorov (that is, uni- 
versal) stage. He gives graphs for conversion of 
stage inclination to liquid index for inclusions in 
quartz, topaz, and calcite. Since then several papers 

" Brewater meaaured the Index of refractltwi uf two different fluid* 
(18X6*. lS36b> which were later fiven the names "eryptollne" and 
"Brewatoline" (or rrytnlinite and Brewstertinite) . From the indices ob- 
tained, and other data, it appeart that the latter wa» liquid CO,: the nature 
of the former fluid ii nberure, but is treneralfy presumed to be water solution 
(Sullen. 1IU>1> Brewster (tftetbi thouitit both were hydrocarbon. It i. im- 
portant to remember, however, that eren thouch liquid COj will dis- 
solve very Htlle water (Stone. ltfiii, a number of other rompounda, par- 
ticularly organic once, will dissolve in it (Auerbaeh. 1M1: Francis, 
and may be present in natural liquid CO^, aiTectimr ita Index of refrae* 
tioD and other properties. 



have been published in which this method has been 
used (Kalyuzhnyi, 1955b; Lisitsyn and Malinko, 
1961; Kalyuzhnyi and Shchiritaya, 1962; and Baku- 
menko, 1964). 

The author has found that the index of the fluid 
in the larger inclusions can also be measured by com- 
paring the real thickness with the apparent thick- 
ness of an inclusion obtained by focusing on the top 
and the bottom of it, using a calibrated fine focus 
screw (one division=l uin actual movement). The 
real thickness can be obtained from similar measure- 
ments of the apparent wall thickness above and be- 
low the inclusion, subtracted from the total plate 
thickness, or by viewing from the side (Roedder 
and others, 1963, p. 355). 

The composition of the fluid in the inclusions will, 
in general, change as daughter crystals form, and 
the index should change as well. Although differ- 
ences in index have not been reported for inclusions 
with and without nucleated daughter minerals, these 
should exist and might be useful in estimating com- 
position. The data of Kalyuzhnyi (1965b) on the dif- 
ferences in index for glass inclusions in various 
phenocrysts of a hyalodacite might thus be explained 
by changes due to crystallization of the host mineral 
on the inclusion walls. 

THERMAL EXPANSION AND HOMOCENIZATION 

Ever since Brewster (1823a) found a fluid (shown 
many years later to be liquid COi>), in inclusions in 
topaz, that had a thermal expansion 32 times that of 
water, this parameter has been used to aid in the 
identification of the fluids (pi. 7, figs. 9, 10; pi. 8, 
fig. 1). Sorby (1858) was one of the first to deter- 
mine experimentally, with some accuracy, the high 
temperature thermal expansions of some salt solu- 
tions pertinent to inclusion studies. He used sealed 
glass capillaries as "synthetic inclusions." In natural 
materials, the long, straight tubular inclusions are 
most suitable for this procedure, as they permit 
relatively accurate phase ratio determinations from 
the simple linear intercepts of the phase boundaries 
on a microscope ocular scale. The areas of individual 
phases in flattened inclusions can also be used in a 
similar fashion, but less accurately (pi. 3, fig. 2). 
The relative volumes of vapor bubble and liquid in 
equant inclusions can be used (fig. 3), but there may 
be difficulty in measuring inclusion thickness, and 
gross underestimates of bubble volume can occur due 
to a curved upper surface of the inclusion acting as 
a strong negative lens (pi. 11, figs. 7, 8). 

Although the coefficient of thermal expansion of 
any liquid is a definitive property, application of the 
principle to the identification of the fluids in inclu- 
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FIUI'M 3 — The appearance of inclusion! with various volume percentage* 
of ga* phase, In which both the gas bubble and the inclusion are as- 
sumed to be spherical. Toe are* percentage* refer to thin, flat Inclu- 



sions, where both bubble and inclusion arc assumed to be circular disks 
of negligible thickness, and are* percent equal* volume percent. Shaded 
arcs I* gas phase. 



sions is not simple.' In addition to the problems of 
measurement of phase ratios mentioned above, the 
relative phase volumes are involved in determining 
the apparent expansion. Ostapenko and Khetchikov 
(1968) have developed a differential equation to 
calculate these effects. At moderate to high degrees 
of fill, and low temperatures, where the vapor phase 
is of low density and volume, the movement of the 
meniscus toward the vapor with increase in tem- 
perature will be a fairly accurate indicator of the 
thermal expansion of the liquid (pi. 8. fig. 1). At 
higher temperatures and lower overall density of 
filling, however, an increasingly significant part of 
the total mass of the inclusions will be in the vapor 
phase, and the volume of the liquid phase will de- 
crease with increasing temperature. As a result in- 
clusions with certain degrees of fill will, upon heat- 



• As examined In detail in rhaptrr II of "D*t* of Geochemistry." which 
deals with geologic thermometry, the use of the experimentally determined 
temperature of homogenixation < the filling temperature! of Inclusion* for 
geologic thermometry doe* not require * knowledge of the nature or prop, 
ertlea of the fluid. Such data are necessary, however. In estimating filling 
temperature from the degree of All at room temperature and In correcting 
the bucnogenisation temperature* for pressure effect* 1 Klevtsov *nd l.eenm- 
letn. l»S»b: Ssmoylovich *nd Khetchikov, 19***. lKKbl. 



ing, first show an expansion and then a contraction 
and final disappearance of the liquid phase, although 
the density of the liquid decreases continuously dur- 
ing heating. Ermakov (1950a) has designated this 
behavior "homogenization with an inversion point" 
and he shows many graphs of measurements of the 
degree of fill versus temperature for individual in- 
clusions (that is "homogenization curves"). Kalyuz- 
hnyi (1958c) has calculated the homogenization 
curves for inclusions of water and of carbon dioxide, 
and he shows that in water-rich inclusions, inver- 
sions occur generally in those with only 25 to 30 
percent liquid phase at room temperature. 1 " In addi- 
tion Weis (1953, p. 676) has recorded a range of 
200°C in the experimentally determined filling tem- 
peratures of two-phase, liquid plus gas inclusions, in 
a given sample, all with the same apparent degree of 
fill at room temperature. This might be the result of 
differences in concentration, but the range indicated 

l ft Llambia* 41*6.1! has proposed that the temperature of homogenlxa- 
tion can be nlitained from measurement* at several temperature*, extra- 
polated on the assumption of mnstant coefficient of ri|i*nsion, but Er- 
m*kuv's experiment*! curve* and Kalyuxhnyi's calculate*! one* liolh show 
that the coefficient of expansion is far from constant. 
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by his freezing data (—3° to — 19°C, corresponding 
to about 5 to 20 weight percent salts) does not ap- 
pear to be adequate. Unless the geometry is opti- 
mum, measurements of percent liquid and gas in an 
inclusion can be grossly in error (fig. 3). 

If data were available on density versus tempera- 
ture for both liquid and gas phases in the multicom- 
ponent systems similar to fluid inclusions, such 
measurements on inclusions of unknown composition 
could be used to obtain the composition, or at least 
limit the possible ranges of composition (Ermakov, 
1950a, p. 116 in translation; Klevtsov and Lemm- 
lein, 1959a, 1959b). As shown in this report, how- 
ever, the composition of fluid inclusions varies 
widely, and the effects on thermal expansion for two 
different compositional variables may be equal and 
opposite. Thus, salts in solution usually reduce the 
coefficient of expansion, and substances such as CO; 
in solution may increase it. As a result, when meas- 
ured homogenization curves for inclusions are com- 
pared with calculated curves from actual data on 
known simple systems (Ermakov, 1950b; Cameron 
and others, 1953; Kalyuzhnyi, 1958c; and work of 
L. A. Samoylovich, quoted by N. I. Khitarov, 1966), 
the deviations may be large. Laboratory data on the 
more complex systems of interest are just now be- 
coming available (Ellis and Golding, 1963; Take- 
nouchi and Kennedy, 1965b; Fabuss and others, 
1966; Unterberg, 1966; and Ellis, 1967) and should 
permit interpretation of many of the phenomeno- 
logical observations of the past. 

The temperatures at which homogenization of 
fluid inclusions occurs vary widely. If the inclusion 
has been trapped at near-surface temperatures, and 
it is small, it may not develop a bubble on cooling to 
surface temperature (pi. 1, fig. 4; pi. 11, fig. 6). 
Ermakov (1950a, p. 289 in translation) reports that 
inclusions trapped in synthetic crystals formed at 
<70"C seldom have bubbles, but he reports tempera- 
tures of filling as low as 38" to 40 C C in natural 
quartz and other minerals. As a result of very large 
pressure corrections, sufficiently low- or high-pres- 
sure gas inclusions and certain organic fluids (see 
below) may homogenize at subzero temperatures (pi. 
5, figs. 6, 7). Carbon dioxide inclusions with an 
overall degree of filling approximately equal to the 
critical density homogenize at room temperatures 
(^+31 °C). If the degree of fill is sufficiently high, 
"homogenization in the liquid phase" (by expansion 
of the liquid) may occur at subzero temperatures. 
Thus, Rutherford (1963) reports that some CO.. 
inclusions from the Flin Flon area homogenized on 
warming to — 16°C, and Dolgov, Makagon, and 



Sobolev (1967) report similar inclusions in kyanite. 
Conversely, if the degree of fill is sufficiently low 
(that is, the CO* pressure at trapping was relatively 
low), homogenization in the vapor phase will occur 
by evaporation of the liquid phase (pi. 5, fig. 1). 
Roedder (1963b, p. 204) reports this type of homo- 
genization, at <— 33 C C, for C0 2 inclusions in Colom- 
bian emerald ; similar behavior, at higher tempera- 
tures, is shown by other emerald samples (pi. 5, fig. 
2) . Inclusions of water solutions may homogenize at 
any temperature up to a maximum of 374 "C for 
pure water and at much higher temperatures for 
salt solutions (Sourirajan and Kennedy, 1962). 

Although most inclusions homogenize below 
500 "C, there are many examples in the literature of 
water-rich inclusions homogenizing at or above 
500 C; most of these are listed in table 7. Obviously 
these require the presence of high concentrations of 
salts in solution, as pure water inclusions cannot 
have homogenization temperatures above the critical 
point of 374 C C. One of the first very high homogeni- 
zation temperatures (>750°C) was reported by 
Feklichev (1962) for COs-bearing water solutions 
in pegmatitic beryl. As the volume relations of the 
phases remained nearly unchanged on heating, fur- 
ther verification of these observations would be de- 
sirable. Some of the highest recorded homogenization 
temperatures for water-rich inclusions, in the range 
840 c to 850 "C, were reported for otherwise normal- 
looking, two-phase, liquid-plus-gas inclusions in 
nepheline (Kerkis and Kostyuk, 1963; Bazarova, 
1965; Bazarova and Feigin, 1966) (See table 7.) At 
this temperature there was visible evidence of con- 
siderable enlargement of the inclusion by solution 
of the walls, implying an approach of magmatic 
conditions. This is to be expected, in view of the 
results of Edgar (1964) who showed that at only 
1,000 kg cm* (kilograms per square centimeter) 
water pressure, the minimum temperature of melt- 
ing in the system nepheline-albite-water occurs at 
835 C. 

Homogenization of inclusions in alkalic rocks at 
temperatures as high as S9Q°, and even >950°C has 
been reported by Panina (1966a). Although these 
temperatures seem appropriate for homogenization 
of silicate glass inclusions, her description of critical 
behavior in inclusions in sodalite and cancrinite 
(homogenizing at temperatures as high as 630'C) 
would imply aqueous solutions rather than silicate 
glass. 

The gas bubble (or bubbles) in glass inclusions 
begins to contract appreciably at about 650 C 
(Ermakov, 1950a, p. 20 in translation), although this 
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temperature should vary with glass composition. 
Deicha and his coworkers have reported in detail on 
the behavior of glass inclusions on heating (Deicha, 
1955; Barrabe and Deicha. 1956, 1957 ; Barrabe, Col- 
lomb, and Deicha, 1957, 1959). 

If two fluids of considerably different thermal 
expansion characteristics are trapped in various 
ratios in simultaneously formed individual inclusions 
and form vapor bubbles on cooling to lower tempera- 
tures, the homogenization temperatures (to achieve 
the original two-fluid state) will vary with the orig- 
inal phase ratio of the fluids that were trapped. If 
the two fluids can be identified adequately as to 
composition, and if the thermal expansions and 
compressibilities of the two fluids are known, and if 
the mutual solubilities of the two fluids are either 
insignificant or are known, it should be possible to 
obtain both pressure and temperature of trapping 
from such homogenization data. There have been 
various proposals to use inclusions containing COa 
and H s O to determine pressures (Johnsen, 1920; 
Con-ens, 1953; Kalyuzhnyi, 1955a, 1965a; Kalyu- 
zhnyi and Voznyak, 1965). Rutherford (1963) used 
the method to calculate the pressures during deposi- 
tion of some post-ore quartz at Flin Flon. Similar 
procedures should be applied to inclusions of oil and 
water (frontispiece, upper left; pi. 9, fig. 2; Roed- 
der, 1963b, p. 176). 

The finite but limited mutual solubilities of two re- 
latively immiscible fluids such as C0 3 and H 2 0 
theoretically provides another geothermometer 
(Smith and Little, 1959), but serious practical prob- 
lems in phase identification may preclude its use 
(Roedder, 1963b, p. 190). 

PHASE CHANGES IN THE FLL'ID L'PON HEATING 

In addition to geologic thermometry, a variety of 
interesting and eventually informative observations 
have been made of phase changes occurring in the 
liquid or fluid phase upon heating. Certain inclusions 
show an unmixing of the liquid phase, to form a 
small amount (<10 percent) of a new, immiscible 
liquid, on heating to temperatures above 200 °C 
(Kalyuzhnyi, 1956, 1958c; Ermakov and others, 
1957; Sobolev and others, 1970). The new liquid 
has an appreciably higher index of refraction than 
the surrounding low density liquid and presumably 
contains a higher concentration of salts. Ermakov, 
Kalyuzhnyi, and Myaz* (1957, p. 494 in translation) 
report that the new liquid persisted, with little 
change in volume, until the disappearance of the gas 
bubble at 327 C and that the phase changes were 
reversible on cooling. The significance of this immis- 
cibility. in terms of specific fluid composition, is not 



known, but in view of the probable shapes of the 
pressure-temperature-composition diagrams for 
water-salt systems, such immiscibility with rising 
temperature under constant volume conditions is 
expectable. In this connection it might be pertinent 
to examine the behavior of inclusions in synthetic 
quartz crystals from those crystal-growth processes 
where a two-liquid condition in the growth cham- 
ber has been proposed (Butuzov and Bryatov, 1956), 
to see whether such immiscibility can be recognized. 
Prof. H. S^rensen of Copenhagen reports similar be- 
havior in the fluid inclusions in chkalovite (NaBe 
SiO<) from the Ilfmaussaq nepheline syenite com- 
plex in Greenland. The solid daughter minerals in 
these inclusions dissolve by about 300 o -360°, and 
homogenization occurs in the range 860°-980 a , but 
a second liquid phase is present for a narrow ran^e 
of temperatures near 700°-800° (H. Sorensen; oral 
commun., 1968; Sobolev and others, 1970). 

Wahler (1956, p. 113) describes an inclusion in 
quartz from Madagascar that, when heated to about 
150°C, developed a "new" gas bubble which vanished 
again at 220°C; he believes that this bubble prob- 
ably was C0 2 and that it resulted from the reversal 
in the solubility of C0 2 with temperature. The data 
of Todheide and Franck (1963), Franck (1964), 
and Takenouchi and Kennedy (1964) on the system 
COj-H^O show that, for a considerable range in CCv 
H ; 0 ratio, immiscibility would occur on heating. 

An additional interesting nondestructive thermal 
technique, which has been investigated to determine 
its potentialities (Hiroshi Ohmoto, Princeton Univ. 
written and oral commun., 1967), is, in effect, high 
precision differential thermal analysis. Preliminary 
results indicate that by the use of highly sensitive 
calorimetry, it is possible to measure the heat effects 
resulting from the melting of ice in previously frozen 
inclusions (and from decrepitation, although this 
of course is a destructive test) for 0.1 -g samples 
containing ~10-* gram water as inclusions. Quanti- 
tative calibration involves several variables that may 
present experimental difficulties, but the large heat 
of melting of ice, and the inevitable experimental re- 
finements, make the method very promising. Mac- 
Kenzie (1968) reports similar thermal studies on 
the warming of samples (0.02 ml) of previously- 
frozen liquids. 

CRITICAL PHENOMENA 

Not infrequently the composition and degree of 
fill of an inclusion are such that it exhibits homog- 
enization at a critical point. This is recognized by 
the abrupt and complete fading of the meniscus be- 
tween liquid and vapor. The apparent occurrence of 
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this behavior is made more common by the fact that 
for many fluids, the liquid and vapor exhibit rather 
gross changes in density in the last few degrees be- 
low the critical temperature, that is, the two-phase 
field is almost fiat on top (fig. 4). There is only one 
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true critical density (degree of fill), but as a result 
of the flat top to the two-phase field, inclusions 
grossly different in density — on both sides of the 
critical density — will appear to go through a critical 
point on rapid heating or cooling. Thus the more 
precise the temperature control near the critical 
point, the smaller the number of inclusions that will 
appear to exhibit critical phenomena. Inclusions with 
a degree of fill greater than the critical density will 
homogenize in the liquid phase (usually with a vis- 
ible fading of the meniscus just before the bubble 
shrinks to disappearance; see pi. 6, figs. 5-8) ; in- 
clusions with less than the critical density homog- 
enize in a similar manner by the evaporation (dis- 
appearance) of the liquid phase (that is, they "ho- 
mogenize in the gas phase"), usually with a visible 
fading of the meniscus just before the bubble ex- 
pands to fill the inclusions. 

The critical temperature is a definitive property 
for pure substances, and one inclusion fluid, CO-, is 
sometimes sufficiently pure in nature to exhibit criti- 
cal phenomena at the critical temperature 
(-f-31.0 C) for the pure material (Kobe and Lynn, 
1953; pi. 6, figs. 5-8). In general, however, the fluids 



of inclusions are multi component mixtures, and any 
critical points (CP.) they show are for such mix- 
tures. Thus mixtures of methane (CP., — 82.1°C) 
and ethane (CP., +32.3*0 have been suggested as 
the probable major constituents of two monophase 
inclusions in quartz crystals from Herkimer County, 
N.Y., showing critical behavior at — 5.55°C and 
-7.85°C (pi. 5, figs. 6, 7). Touray and Sagon (1967) 
report CH, as a major component of similar mono- 
phase inclusions in quartz crystals from a marl in 
the Pyrenees. Inclusions of water solutions may 
show that the critical temperature for pure water 
(374.2° C) has been lowered by materials such as 
CO... Cameron, Rowe, and Weis (1953) found in- 
clusions showing critical phenomena at 311'C. 
More commonly, the salts in solution raise the criti- 
cal point. Sourirajan and Kennedy (1962) show 
that 25 weight percent NaCl raises the critical point 
for water to about 670 3 C, and many critical point 
determinations on fluid inclusions fall in the range 
of 375° to 450 C C (Ermakov, 1950a; Bazarov and 
others, 1968). The temperature of trapping — and 
hence of formation of the enclosing mineral— cannot 
lie below these determined critical temperatures, ex- 
cept fortuitously, where a heterogeneous gas-liquid 
mixture with an overall density equal to the critical 
density has been trapped. In general, the pressure on 
the system at the time of trapping was greater than 
the critical pressure, and hence a pressure correc- 
tion must be added to these critical temperature 
determinations. Klevtsov and Lemmlein (1959a) 
mention the occurrence of homogenization of the gas 
and liquid phases in inclusions at a critical tempera- 
ture below that at which all solid halide daughter 
minerals had dissolved. 

Even where the density of fill is not near the criti- 
cal density for the specific fluid, it is important to 
note the rate of change of the volumes of liquid and 
gas phase with increase in temperature, in addition 
to the actual temperature of homogenization. This 
can provide a crude estimate of the probable critical 
temperature of fluids trapped at slightly more than 
the critical density, for as the critical temperature is 
approached, not only is the thermal expansion of the 
liquid large, but its rate of increase with rise in 
temperature becomes progressively greater (fig. 4), 
and it becomes effectively infinite at the critical tem- 
perature. Thus the high thermal expansion of the un- 
identified liquid (CO;) found by Brewster (1823a) 
merely reflects a close approach to its critical tem- 
perature of +31 °C (pi. 6, figs. 5-8). Similarly, for 
inclusions homogenizing in the gas phase, the rate 
of increase in density of the gas phase becomes pro- 
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pressively greater (fig. 4). This cannot be measured 
as conveniently as can the expansion of the liquid, 
but the rate of change in density can be estimated 
from the rate of evaporation of the liquid phase into 
the gas phase. Thus, Edwin Roedder (U.S. Geo- 
logical Survey, 1965, p. A 166; see also Roedder and 
Creel, 1966) noted that approximately 12 volume 
percent (at room temperature) of a phase believed 
to be liquid H;S (pi. 7, fig. 11) evaporated into the 
vapor bubble at temperatures ranging from 64° to 
97°C. These temperatures are above the critical 
temperature for liquid CO a , excluding this possibil- 
ity. Both the temperatures and the density increase 
of the gas phase are appropriate, however, for liquid 
H 2 S near its critical temperature of 100.4 °C. Such 
data are not definitive, but do present strong support 
to other data which also indicate that this phase is 
liquid H,S. 

FREEZING DATA 

Since the pioneering effort of Sir Humphry Davy 
in 1822, a number of attempts have been made to 
use the behavior of fluid inclusions at low tempera- 
tures to help in the identification of the materials 
present. Simple cooling with a drop of alcohol, 
acetone, ether, or of ethyl chloride (available in 
handy pressurized tubes as a medical supply), will 
frequently prove useful as a qualitative test. The ex- 
perimental difficulties, however, had generally pro- 
hibited the accumulation of much quantitative 
data." As the procedure showed considerable merit, 
in theory, a microscope freezing stage was designed 
to avoid some of the troubles (Roedder, 1962a) . With 
this equipment, a variety of data has been obtained 
on fluid inclusion compositions (Roedder, 1963b; 
Roedder and others, 1963; Hall and Preidman, 1963; 
Sawkins, 1963; Buseck, 1966; and Ohmoto, 1968a, 
1963b), the most useful of which is the depression 
of the freezing point of the liquid water solutions, 
that is the "freezing temperature" (pL 8, fig. 1). 
This depression is a measure of the salinity of the 
fluid, and it permits estimation of the salt concentra- 
tion in inclusions weighing as little as 10~ 10 g. Other 
phase changes are observable in fluid inclusions at 
low temperatures, most of which yield at least quali- 
tative compositional data (Roedder, 1963b). Among 
these are the triple point of COj at — 56.7 "C and the 
"first melting temperature," representing the first 
development of visible liquid upon heating a solidly- 
frozen inclusion (pi. 8, fig. 1; Roedder, 1962a, p. 
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1054). This latter phenomenon, unfortunately, has 
also been taken to be the "freezing temperature" of 
the solution (Kormushin, 1965, p. 173). (See also a 
discussion of the identification of the solid phases 
formed, page JJ22.) Freezing point depressions for 
saline fluids were also obtained by Lisitsyn and 
Malinko (1961), using an unspecified method, and 
by Rutherford (1963), who determined both the 
salinity of the water phase and the density of the 
C0 2 phase in mixed inclusions from the Flin Flon 
area by this method. A number of more recent appli- 
cations of the method are noted in table 1. 

The freezing stage is particularly useful to detect 
leakage of fluid inclusions. As most inclusion fluids 
are far more concentrated than normal ground 
waters, a single inclusion in which the original fluids 
have been replaced with ground water will be readily 
apparent, even in a large group of normal inclusions 
(Roedder, 1963b, p. 207).'* Low-temperature micro- 
scopy is also helpful in the recognition of homogen- 
eous CO;, inclusions of either very high or very low 
filling density. (Seep. JJ15.) 

Several metastable phenomena occur commonly 
during the cooling of inclusions. Although these gen- 
erally cause some experimental difficulty, they are 
useful indicators that inclusion fluids are generally 
very clean and free of spurious solid nuclei and 
hence have presumably been trapped from exceed- 
ingly slow-moving solutions (Roedder, 1962a, 
1963b). If the expansion on formation of ice elimi- 
nates the vapor bubble, sluggishness in its renuclea- 
tion may lead to high negative pressures, metastable 
"superheated" ice, and erroneously high apparent 
freezing temperatures (Roedder, 1963c, 1967b). 

BL'BM.E MOVEMENT IN THERMAL GRADIENTS 

Sang (1873; see also Hunter and Sang (1873) and 
Tait and Swan (1874) ) reported that peculiar move- 
ments of the bubbles in some fluid inclusions oc- 
curred when a thermal gradient was established 
across the inclusion.'* Some bubbles moved up a 
thermal gradient; that is, they appeared to be at- 
tracted to a warm probe touching the sample and 
moved through the fluid as far as the inclusion shape 
would permit. Other bubbles either moved down a 
thermal gradient, that is, they appeared to be at- 
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tracted by a cold probe and repelled by a warm one, 
or they did not move at all in a thermal gradient 
even though they were apparently free from the 
walls. Still others exhibited very peculiar oscillatory 
movements, either of the bubble itself or of solid 
particles in the liquid (Brewster, 1845b; Hartley, 
1877b; Hawes, 1881). 

These phenomena were variously attributed to 
"unknown cause," "capillarity," or "evaporation and 
recondensation," until Hartley (1877b) offered a 
brief explanation (proposed by Stokes) based on 
changes in surface tension. This seemed to explain 
some of the apparent conflicts in the data, and the 
subject was dropped, except for rediscovery by the 
writer and several others (Hoagland, 1951b; Rush, 
1954; Safronov, 1957b; Johnson, 1961a, 1961b; Sut- 
ton, 1964). 

The basis for all these phenomena appears to be 
variation in the surface tension over the bubble sur- 
face, causing flow of the surface that drags fluid 
with it. Although the phenomena are still not fully 
explained, the motions of the bubbles can be detected 
very quickly and simply by hot or cold probes (Roed- 
der, 1965e, 1966a), and these motions are useful in 
inclusion studies in a variety of ways. First, the 
specific behavior is obviously controlled by the com- 
position of the fluid. Even though the nature of the 
effects of these compositional parameters is complex 
and not understood, differences in the behavior of 
the bubbles in adjacent inclusions that otherwise 
seem to be identical indicate differences in composi- 
tion and presumably origin, and these differences 
frequently correlate with differences in freezing and 
homogenization temperatures. Second, the phenom- 
ena aid in the determination of freezing tempera- 
tures in those inclusions in which the last ice crys- 
tal sticks to the bubble-liquid interface. In these, 
the thermal (and compositional?) gradients set up 
by slight melting of the ice result in a rapid move- 
ment of the bubble and ice crystal about the inclu- 
sion. The bubble may push the ice ahead of it, or 
drag it with it, but in either case the movement is 
an indication that melting is still taking place, even 
though the ice may be invisible. Also, many inclu- 
sions have only one small clear "window" through 
which the freezing behavior can be watched ; move- 
ment of the bubble and ice across this window thus 
permits more positive identification. Third, the phe- 
nomena aid in homogenization experiments. In these, 
the bubble movement permits an evaluation of the 
direction of the inevitable thermal gradients in the 
heating cell, and, by superimposing small thermal 
gradients on the heated sample near to its homog- 



enization temperature, tiny bubbles may be moved 
out of dark areas of total reflection. Fourth, as men- 
tioned in "Fluidity" (p. JJ10), bubble movement 
from thermal gradients may be used to discriminate 
between glass and liquid inclusions. Fifth, thermal 
gradients are frequently useful to place the bubble 
in an inclusion in a position more suitable for 
photography, and were used in several of the figures 
in this report. 

COMPOSITION OF SOLID PHASES 

Daughter minerals in fluid inclusions — solid 
phases which have crystallized out of the fluid after 
trapping — indicate saturation of the fluid with re- 
spect to these phases, at the conditions of observa- 
tion. Hence they are extremely useful in determining 
the composition of the fluid, but they have not been 
given adequate study. Probably the most serious 
problem in such use lies in the apparent difficulty of 
identification, but there are a number of methods 
that can be used, providing a combination of iden- 
tification criteria that is generally unambiguous. 

GENERAL SIGNIFICANCE AN11 USEFULNESS 

The problem of distinguishing between daughter 
minerals, formed from the fluid of the inclusion, and 
accidental solid inclusions, trapped along with the 
liquid, is sometimes difficult. 14 Regularity of phase 
ratio in a number of inclusions is perhaps the best 
criterion for a daughter mineral origin (pi. 3, figs. 
3, 4), but problems of recrystallization, causing 
gross changes in the shape of elongated inclusions 
(frontispiece, upper left, lower left, and lower right; 
pi. 10, figs. 3-5), and hence isolation of already- 
formed daughter minerals from their parent liquid 
(Lemmlein and Kliya, 1952b), can interfere seri- 
ously. In addition, small inclusions may not show a 
daughter mineral that adjacent larger ones have; 
this is commonly due to failure to nucleate. In NaCl 
solutions, freezing may cause the nucleation of the 
stable phase, NaCl crystals, in such supersaturated 
inclusions (Roedder, 1967a; Touray and Sabouraud, 
1970) . Any phase with which the solution is super- 
saturated may be caused to nucleate by freezing, as 
this withdraws water from the solution and in- 
creases the degree of supersaturation (pi. 2, figs. 1, 
2). 

Fortunately, the distances are so small in fluid 
inclusions that daughter crystals, at least the water 
soluble ones, have generally had time to reach mini- 
mum surface energy, that is, one single crystal of 
each phase (Bienfait and Kern, 1965). Hence, the 
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number of daughter mineral phases is generally 
equal to the number of crystals. This is not true for 
very slightly soluble crystals or for those formed 
during a relatively fast cooling. 

Ermakov (1950a, p. 24 in translation) has noted 
cases in which the sequence of formation of several 
daughter minerals upon cooling is preserved in the 
inclusions as a record of the sequence of saturations. 
He also presents what he considers to be evidence 
(p. 38 in translation) of the crystallization of quartz 
from fluids that were saturated with respect to 
NaCl, so that NaCl occurs both as solid inclusions 
and as a daughter mineral. 

In every case the host mineral should be consid- 
ered as an additional "daughter mineral" phase, as 
at least small amounts of it must crystallize out 
from almost every fluid inclusion, upon cooling. 
Where this new material on the walls forms a visible 
layer it has been designated a "bordure of cognate 
substance" by Ermakov. 

In describing certain synthetic minerals and the 
crystals formed in inclusions of glass, Sorby (1858, 
p. 457 and 477) used an effective aid in the identi- 
fication of some daughter minerals that seems to 
have been forgotten by many later workers. Further 
crystallization of the host mineral from the trapped 
fluid will generally occur on the walls of the inclu- 
sion, but other phases form separate daughter crys- 
tals. Thus, inclusions of a given fluid, saturated with 
respect to minerals A and B, will show daughter 
crystals of A in inclusions trapped in B, and vice 
versa. Kalyuzhnyi and others (1966) report daugh- 
ter crystals of quartz (?) in inclusions in quartz, and 
Llambias (1963) reports the occurrence of a daugh- 
ter crystal of borax, presumably identified as such 
by crystal shape, in a fluid inclusion in a larger 
borax crystal. These are the only observed excep- 
tions — almost always the host mineral does not form 
discrete daughter crystals. Llambias mentions the 
occurrence of organic matter within the host borax 
crystal. It is thus possible that a film of such mate- 
rial lining the inclusion prevented crystallization of 
the material of the daughter crystal directly on the 
walls. 

Solid daughter minerals in fluid inclusions — as 
well as solid inclusions trapped directly in the crys- 
tal — have considerable value in the identification 
of gemstones (Gubelin. 1950, 1969). Upon cooling, 
the differences in contraction and compressibility of 
the solid inclusion and the host gem may set up con- 
siderable strain, first recognized as strain birefring- 
ence by Brewster (1835, 1845a; pi. 6, fig. 3). Such 
strain can cause cracking and the development of 



secondary inclusions in the healed fractures. Even 
the specific locality producing a given gemstone may 
sometimes be recognized on the basis of the inclu- 
sions. Thus for emerald, the occurrence of fluid in- 
clusions containing NaCl crystals has been used as 
a fairly reliable criterion that (1) the stone is 
natural and not synthetic, 1 * and (2) that it probably 
came from the Colombian emerald mines (pi. 2, figs. 
1-6; pi. 5, fig. 2). The writer has found NaCl crys- 
tals in primary inclusions in Rhodesian (Sanda- 
wana) emeralds, however, and Webster (1952) re- 
ports seeing NaCl cubes in Australian emeralds. 
GQbelin (1950) also mentions another identifying 
feature of the NaCl crystals in Colombian emerald — 
occasionally these daughter crystals show an irreg- 
ular bright blue coloration typical of NaCl. 

ORDINARY METHODS OF MICROSCOPY 

Brewster (1826a, p. 21) was the first to report the 
occurrence of "squares" (that is, cubes, probably of 
NaCl) in inclusions. Solid daughter mineral phases 
in fluid inclusions are generally so small that only 
optical methods are adequately sensitive for their 
identification. Many of the usual petrographic tech- 
niques may be used, in modified form, but rather 
severe limitations are imposed by the nature of the 
samples. Thus, observations of extinction angles and 
birefringence are limited by the optical properties 
of the host mineral. Sorby (1858) pointed out that 
the inclusions in birefringent plates are best studied 
with a polarizer in, to eliminate troublesome double 
images. The writer has found that with strongly 
birefringent minerals such as calcite it is important 
to use only the image of the ordinary ray, which 
yields much sharper definition than the extraordi- 
nary ray. Since these carbonate minerals are optic- 
ally negative, this procedure also permits an ap- 
preciably greater maximum depth of focus into the 
plate (pi. 3, fig. 3, 4). The thick plates (0.5-5 mm) 
normally used for inclusion study usually show so 
much birefringence (even with normally isotropic 
host minerals such as fluorite and halite) that both 
extinction angles and birefringence of solid inclu- 
sions and daughter minerals can be estimated only 
by simple statistical methods, using many inclusions. 
The maximum interference color exhibited by the 
daughter mineral grains can be used in conjunction 
with their apparent thickness, if they are equant, to 
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obtain the birefringence, but it is particularly diffi- 
cult to estimate the thickness of thin flat daughter 
minerals (pi. 12, figs. 1, 2). Eppler (1962b) has 
shown that the interference color seen in reflected 
light from flat inclusion crystals can sometimes be 
used to obtain such an estimate. Crystal habit, inter- 
facial angles, color, pleochroism, etc., all are useful 
criteria for identification (Mel'nikov, 1968a). Not 
infrequently the daughter minerals are sharply 
faceted crystals that permit identification of their 
crystal system as well. Generally the inclusions are 
too deeply buried in the sample, or are too small, to 
obtain interference figures; Kalyuzhnyi (1958a) 
mentions grinding and polishing to within lO^m or 
15/tm of the inclusion to permit the use of certain 
techniques. 

Opaque daughter minerals, presumably metallic 
sulfides and oxides," occur in some inclusions. Their 
rarity and small size have been used to place limits 
on the quantities of metal that may be precipitated 
from the ore-fluids by temperature decrease (Roed- 
der, 1960b; Takenouchi, 1962b). The determination 
of the size, and hence of the volume and weight per- 
cent, of opaque grains is usually limited to measure- 
ments of the two visible dimensions and a guess as 
to the third dimension. In some inclusions the crys- 
tal can be moved about for further measurements. 
There are relatively few available parameters that 
can be used for the identification of opaque daughter 
minerals. In a very few inclusions the grain is suf- 
ficiently large to permit recognition of the color and 
crystal habit in reflected light (Roedder, Ingram and 
Hall, 1963, p. S67). Not infrequently, the external 
crystal shapes — or rather, silhouettes of them — are 
visible. Brewster (1853b) was able to estimate the 
relative densities of several different daughter min- 
eral grains by comparing the rates of fall through 
the liquid when the sample was inverted. One sim- 
ple but very sensitive test that should be used 
routinely on opaque grains is for their magnetic 
properties; if they are magnetic, and loose in the 
cavity, they will move when a small strong magnet 
is rotated or moved near the microscope objective. 
As an additional test, Prof. W. C. Kelly (Univ. of 
Michigan, oral commun., 1967) has been able to 
determine the Curie temperature of magnetic 
daughter minerals by observing reversible changes 
in their properties on the heating stage. (See also 
Kelly and Turneaure (1969, 1970).) 

"The rrxnt common oxide datichUr mineral U hematite, out it ii 
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ESTIMATION OF INDEX OK REFRACTION 

One of the most useful and definitive properties of 
transparent daughter minerals is the index or in- 
dices of refraction. These can be estimated by com- 
parison with whatever phase is available. Thus 
Lemmlein, Kliya, and Ostrovskii (1962) found crys- 
tals of cryolite (n=1.34 and hence is comparable to 
or even less than water solutions) in the inclusions 
of a pegmatitic topaz (pi. 12, figs. 5-7). Ikorskii 
(1966a) reports inclusions containing rose-colored 
cubes of villiaumite (NaF, n= 1.336) and organic 
matter in many of the alkalic rocks of the Khibina 
massif. The isotropic cubes (and occasionally octa- 
hedrons; see pi. 2, figs. 3, 4) seen in many inclusions 
are usually NaCl (n=1.544), but not infrequently 
NaCI occurs with KC1 (n=1.490; see pi. 2, figs. 1, 2) . 
(The vertical sides of such cubes may make esti- 
mates of relative relief rather difficult.) Kalyuzhnyi 
(1958a) notes that NaCl daughter crystals may be 
pinkish or yellow, but upon recrystallization after 
heating and cooling, the color is gone. KC1 cubes 
are commonly bright yellow. The writer has ob- 
served that daughter crystals of NaCl in inclusions 
in quartz are sometimes in sufficiently close contact 
with the host (pi. 2, fig. 5) that a sensitive compari- 
son can be made between the index of the halite (n= 
1.5443) and the ordinary ray of the quartz (n= 
1.5443). (See also pi. 6, fig. 4.) The universal stage 
may also be useful in identifying such embedded 
solid crystals (Bakumenko, 1964), and similar com- 
parison can sometimes be made with closely adjoin- 
ing daughter minerals as well. 

Strong birefringence is easy to recognize even 
without placing the host crystal at extinction 
(frontispiece, lower right), but if the host crystal 
has a considerably higher birefringence than the 
daughter mineral, particularly where the host does 
not go to complete extinction as in many thick sec- 
tions of calcite or quartz, this test is inadequate. In 
such plates, grains with high birefringence can be 
recognized by the change in relief relative to the 
liquid on rotation of the stage with only the polar- 
izer inserted. Thus, Slivko (1955, p. 70) shows that 
one of the many daughter minerals in inclusions in 
green multicolored tourmaline has one index of re- 
fraction very near to that of the solution in which it 
occurs. It also has a high birefringence and is very 
soluble, even in refractive index liquids. It is pre- 
sumably a fluoborate (Slivko. 1958). On very tiny 
grains, the brightening of the centers on slight 
change of focus can be used for index comparisons 
in lieu of an actual Becke line. 
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1>SE OF THE ELEtrTRON MICROSCOPE. ELECTRON 
MICROPROBE. AND X-RAY DIFFRACTION 

As inclusions are generally small, electron micro- 
scope techniques would seem to be very appropriate 
for their study, but the very shallow penetation of 
the beam precludes its use on most unopened inclu- 
sions. McLaren and Phakey (1965a. b; 1966) have 
used transmission electron microscopy to study the 
development of dislocations and associated spherical 
and faceted negative crystal cavities in very thin 
flakes of citrine and amethyst, particularly on an- 
nealing at temperatures of 600- to 800 "C. Akizuki 
(1967a) used an acetate peel technique to obtain 
layers of galena thin enough for transmission elec- 
tron microscopy. The electron microscope has been 
used very effectively on replicas of fractured sur- 
faces to study the structure of the walls of inclusions 
and the changes in shape with recrystallization 
(Akizuki, 1965a, b, c; 1966; 1967b; Kurshev and 
Trufanov, 1965) and to study the distribution and 
nature of very minute inclusions on grain boun- 
daries and within grains (Folk and Weaver, 1952; 
Iwao and others, 1953; Pelto, 1956; Deicha and 
Sella, 1962; Sella and Deicha, 1962a, b, 1963). 

Similarly, the electron microprobe would be 
eminently suitable for determining the composition 
of daughter minerals, if they could be put into the 
electron beam. Absorption of both the incident beam 
and the emitted X-rays generally precludes examina- 
tion of unopened inclusions. Unless the inclusions 
are very large, however, the mechanical problems 
of removal of daughter crystals for study are severe. 
At the time of writing there were only three studies 
of the use of the electron microprobe on inclusions. 
The first was by Carron (1961) who used it to study 
the composition of glass inclusions in quartz pheno- 
crysta that were truncated by the polished surface 
and hence were accessible to the beam. This study 
was made because such glass inclusions represent 
samples of the actual magma, complete with vola- 
tiles. The second was by Dolomanova and others 
(1966; 1968) who determined the presence of Fe, 
Cu, Ti, Ca, Zn, and Cr among the 11 daughter min- 
erals on the walls of a fluid inclusion in an early 
smoky quartz from an ore deposit in Transbaikal. 
They believe that the iron and chromium are present 
as chromite. Dr. Dolomanova states (written com- 
mun., 1967) that she analyzed only those solid grains 
on the upper surface of unopened inclusions that 
were sufficiently close to the polished surface to per- 
mit electron beam penetration. 

Valyaskho and others (1968) report 41 qualitative 
electron microprobe analyses of a series of solid, 



congealed, and gas-liquid inclusions in various min- 
erals from the Khibiny apatite deposits. Some of 
these were made on specific solid included grains 
and some on solid phases after homogenization runs. 

Identification by X-ray diffraction methods gen- 
erally requires the extraction of the daughter min- 
eral, unless it is present in large amounts (for 
example, halite is present in large amounts in inclu- 
sions in feldspar from Ascension Island) (Roedder 
and Coombs, 1967)). Ermakov (1965b) and Lyakhov 
(1966) extracted and identified a variety of daugh- 
ter minerals by X-ray diffraction. Lyakhov reports 
X-ray data on several unknown minerals, and he 
also verified the presence of halite, sylvite, 
FeCI ; *2H : 0, elpasolite, cryolite, and a hydrated 
magnesium carbonate in inclusions in smoky quartz 
from pegmatites in Volynia. (See pi. 12.) Kal- 
yuzhnyi and Voznyak (1967) also report FeCl s *2H a O 
as a daughter mineral, along with qualitative deter- 
minations of both ferrous and ferric iron in quartz 
from "Zanorysh" type pegmatites. Kalyuzhnyi and 
Mikolaichuk (1968) report the use of electron dif- 
fraction to identify the salts present in the dry resi- 
due (NaCl, KC1, and NaF), obtained by evaporation 
of a solution from multiphase fluid inclusions in 
topaz. Trufanov and Kurshev (1968) used electron 
microscopy and both powder and single crystal elec- 
tron diffraction to identify the residues. 

BEHAVIOR ON FREEZING 

Upon freezing inclusions, a variety of new solid 
phases may be formed, and the identification of 
these frequently yields compositional information 
otherwise unobtainable (Roedder, 1962a and 1963b). 
The most common new phase is ice, which can be 
identified by (1) index of refraction (always ap- 
preciably less than that of the solution), (2) very 
low birefringence, (3) characteristic growth, on 
cooling, of two parallel flat plates from opposite 
sides of the round grain obtained by partial melting, 
(4) parallel extinction and length-fast orientation 
of these plates, (5) volume increase on freezing and 
decrease on melting (this registers as an increase 
in bubble size with rising temperature — see pi. 8, 
fig. 1) ; and (6) temperature range of stability." 
Various salts and hydrates may also crystallize on 
freezing. A particularly significant one is Nad* 
2H;.0 (hydrohalite). This forms by reaction of the 
liquid with daughter NaCl crystals upon cooling. As 
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it is strongly birefringent, and melts incongruently 
at temperatures up to a maximum of +0.1°C (in 
the pure system NaCl-H 2 0), it provides a very good 
test for distinguishing a cube of NaCl from KC1, 
which forms no such hydrate. As little as 10-" of 
NaCl can be recognized by this test (pi. 11. figs. 1-4 ; 
Roedder, 1963b, p. 178 and 182; Roedder and 
Coombs, 1967). 

Another useful solid phase formed on cooling cer- 
tain inclusions is the clathrate compound carbon 
dioxide hydrate COs'S-HHsO" (Roedder, 1963b, p. 
188-196), which forms by reaction of H s O and either 
gaseous or liquid C0 5 . Unfortunately, its index of 
refraction is very close to that of most water solu- 
tions, and it is isotropic, so that it is not always 
visible even though present in rather large amounts. 
Sometimes its presence is evidenced only by an 
irregular, jagged interface between gas and "liquid" 
(pi. 5, figs. 3-6). W. C. Kelly (Univ. of Michigan, 
oral commun., 1967) has found that the presence 
of such invisible crystals can also be detected in 
those inclusions containing a magnetic daughter 
mineral. When Buch a magnetic grain is pulled 
around in the inclusion by manipulating a magnet on 
the microscope stage, it can be seen to bump into 
the invisible hydrate crystal. Data on its dissociation 
pressure (Takenouchi and Kennedy, 1965a) may 
permit estimates of the CO; pressures in some inclu- 
sions from the freezing data. One serious source of 
ambiguity in the use of freezing data on this phase 
is that the various clathrate structures permit a 
wide variety of molecules to be trapped, including 
HjS, CH„ Q.H*. and numerous other organic species 
(Stackelberg and Muller, 1954; Pauling, 1961; 
Barduhn, 1963; Jeffrey, 1963; Jeffrey and Mak, 
1965). 

Occasionally freezing will result in the elimination 
of metastable equilibria within inclusions, by caus- 
ing the formation of new phases that should have 
been present at surface temperatures. Thus freezing 
commonly permits the formation of a gas bubble in 
single phase inclusions, formed at temperatures be- 
low 100 C, that have persisted for geological time as 
metastable stretched fluid, under negative pressure 
(Roedder, 1963b, p. 197; 1967b). Similarly daughter 
minerals are not always present in inclusions that 
should contain them. Salt (NaCl) crystals usually 
nucleate, even in very tiny inclusions at the limit of 
resolution of the light microscope (Roedder, 1967a, 
p. 533), but Touray and Sabouraud (1970) have 
described relatively large supersaturated inclusions 
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that got a NaCl daughter crystal only after freezing 
and rewarming to room temperature. Daughter min- 
erals present in only small amounts are more apt to 
remain in (supersaturated) solution. It is thus com- 
mon for small multiphase inclusions to have fewer 
solid phases than adjacent apparently cogenetic 
large inclusions, and the missing phases are almost 
always those present in minor quantity (for ex- 
ample, Roedder and Coombs, 1967). A very unex- 
pected case of elimination of such metastable super- 
saturation is shown on plate 2, figures 1 and 2. 

BEHAVIOR ON HEATING 

Behavior on heating is a very important aid in the 
identification of daughter minerals. Brewster 
(1845b) was the first to study this behavior with 
care and to make use of it to prove the existence of a 
number of different daughter mineral phases in the 
same inclusion in topaz. Thus KC1 can be distin- 
guished from NaCl by its much higher temperature 
coefficient of solubility, as pointed out by Ermakov 
(1950a, p. 57 in translation). (The increase in solu- 
bility is approximately eight times greater for KC1 
than NaCl; see pi. 7, fig. 12.) 

NaCl and KCI have relatively limited mix crystal 
fields at low temperatures, but above 300°C these 
mutual miscibilities become appreciable, and the 
solid solution is complete above about 490°C 
(Thompson and Waldbaum, 1969). Although there 
apparently has been no mention of it in the fluid in- 
clusion literature, the behavior of NaCl and KCI 
daughter crystals should be examined in the light of 
this diagram, as this could yield significant data on 
the composition of the system. 

Yakubova (1952, 1955) used crystal shape and sol- 
ubility to show the common presence of borax crys- 
tals in inclusions in quartz and topaz from a Uralian 
pegmatite. She verified the identification with micro- 
chemical and spectrographs analyses. Ikorskii 
(1968) describes the effects of heating to 360° and 
480" on bitumens in inclusions in eudialyte from the 
Khibiny apatite deposits. 

Many of the recorded heating experiments on in- 
clusions having several daughter minerals show that 
some of them do not dissolve, even at high tempera- 
tures (pi. 3, fig. 1; pi. 7, fig. 1). Thus Feklichev 
(1962) found that some of the daughter crystals in 
pegmatitic beryl did not dissolve even at 750"C, and 
there are numerous references to daughter minerals, 
particularly ones that are opaque or that have high 
indices of refraction, persisting to temperatures 
above the homogenization temperature for the liquid- 
plus-gas phases (Ermakov, 1950a; Kalyuzhnyi, 
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1958a). There are four possible explanations of such 
behavior : 

1. Equilibrium was not attained in the time used. 
The relatively soluble crystals, such as NaCl and 
KC1, equilibrate with the solution rapidly on 
heating (however, see pi. 7, figs. 2, 3 and 4), but 
Ermakov (1950a, p. 95 in translation) reports 
that 4 to 5 hours are needed to reach equilib- 
rium, even at high temperatures, for the dissolu- 
tion of the inclusion walls and of the less soluble 
daughter minerals. 

2. Equilibrium was attained, but the correct tem- 
perature for melting of the last grain of the 
daughter mineral actually does lie above the 
liquid-plus-gas homogenization temperature. 
There is no a priori reason why a given solution, 
upon cooling, should not become saturated with 
a solid phase before it separates into two fluids, 
liquid plus gas (pi. 7, fig. 12). In such cases, the 
temperature of homogenization of the daughter 
minerals would be closer to the true formation 
temperature than the liquid-gas homogenization 
temperature would be, as pointed out by Sheftal' 
(1956) and others. 

3. The "daughter" mineral grain was merely a solid 
inclusion, trapped accidentally at the time of 
formation of the inclusion. Perhaps the best 
criterion for distinguishing between an acci- 
dental solid inclusion and a true daughter min- 
eral is the constancy of occurrence, and of volume 
percent, of each daughter mineral in several or 
many inclusions. Unfortunately, available sam- 
ple materia] does not always permit the applica- 
tion of this criterion. If a given mineral occurs 
also as solid inclusions in the host mineral, it is 
difficult to be certain that its occurrence in fluid 
inclusions is truly as a daughter mineral ; cer- 
tainly the solutions were saturated with respect 
to it, and hence it should occur as a daughter 
mineral. 

4. Not infrequently, evidence of necking down of 
inclusions is found, in which the daughter min- 
erals (and gas bubbles) present at that time are 
restricted to one of the several smaller inclusions 
forming at the expense of a larger one; this can 
cause very diverse phase ratios in different in- 
clusions (pi. 10, figs. 3-5; frontispiece, lower 
right). 

The dissolution of the walls of inclusions upon 
heating is of considerable importance in understand- 
ing the actual composition of the fluids as they 
formerly existed in the earth. Ermakov (1950a, p. 
54 of translation) and Lemmlein (1950a) believe 



that solution of the walls and the resultant volume 
change is of great significance to the use of inclu- 
sions for thermometry. It appears, however, that the 
amount of solution of the walls is generally negli- 
gible (and the change in volume, aV, on dissolving 
is far less than the volume dissolved) and that the 
ordinary heating rates used are adequate to permit 
an approach to equilibrium, except for inclusions, 
homogenizing at very high temperature, that resem- 
ble silicate melts in composition (Kerkis and Kos- 
tyuk, 1963 ; Zakharchenko, 1968) (pi. 7, figs. 5 to 8) . 
It is usually necessary to study the appearance of 
minute ridges and points on the walls of the inclu- 
sion during heating to recognize the existence of any 
solution at all. Actually, it is difficult to separate the 
effects of a sluggish approach to equilibrium with 
respect to (1) the solution of daughter (and host) 
minerals, and (2) the thermal regime in the micro- 
scope hot stage at the actual inclusion site. 

Lemmlein, Kliya, and Ostrovskii (1962) describe 
heating experiments on large primary seven-phase 
inclusions in topaz, containing 70 volume percent of 
solids at room temperature (pi. 8, figs. 2-4). Each 
had quartz, muscovite, cryolite, an undetermined 
mineral in pseudo-hexagonal plates of »=1.51, fluo- 
rite, liquid, and gas, in the same volume ratios. In 
order to prevent decrepitation of the inclusions from 
the internal pressures developed — a common and 
very troublesome problem in much inclusion work — 
they heated the samples in a bomb at 3,000 kg/cm 1 
external pressure. Their data and photographs (be- 
fore heating and after quenching) indicate that not 
only do the daughter minerals dissolve to form a 
silicate melt (yielding a glass on quenching), but the 
solubility of topaz in these fluids, at 700°C, is about 
10 to 15 volume percent (pi. 8, figs. 5-6). The result- 
ing melt was estimated to contain over 10 percent 
H;0.'» One interesting point they make is that those 
inclusions that had fractured and lost their volatiles 
did not dissolve their daughter minerals. Voznyak 
(1968) presents considerable evidence that at least 
some of these "daughter minerals" are actually solid 
inclusions, trapped during the growth of the crys- 
tal. However, those phases that occur in uniform 
ratios in several inclusions (see pi. 12) are probably 
valid daughter minerals. 

Feklichev (1962) eliminated the problem of de- 
crepitation by heating his samples to the maximum 
temperature of observation (750°C) before an in- 
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elusion was selected for high temperature study; by 
this simple but effective procedure he eliminated 
those inclusions that were not suitable for high- 
temperature study. The writer wishes to add that 
unheated samples should be examined also, because 
(a) the preheated ones present a biased sample of 
inclusions present, (b) the inclusions may become 
stretched, and (c) because many daughter minerals 
are very slow to recrystallize after dissolving. 

Lemmlein and Kliya (1952a) used an ingenious 
interferometric technique on flat inclusions in topaz 
to make rough quantitative estimates of the amount 
of topaz precipitated on the inclusion walls upon 
cooling. They showed that during the original slow 
cooling of their topaz samples, the nucleation and 
growth of the bubble was simultaneous in part with 
the deposition of topaz on the walls from the inclu- 
sion fluids ; a record was left in the form of crescent- 
shaped rings, each showing where a former size and 
shape of flattened bubble had prevented deposition 
of topaz on the walls against which it was pressed. 
The amount of topaz in solution in the inclusions 
at 200° was estimated to be about 2 volume percent. 
(See pi. 8, figs. 2-6.) 

Kalyuzhnyi (1956) describes several interesting 
changes in inclusions in topaz. Daughter crystals of 
elpasolite (K^NaAlF,,) in multiphase inclusions 
melted incongruently to form three other phases of 
lower index of refraction, apparently also fluorides, 
in the temperature range 135° to 170°C. Other in- 
clusions showed decomposition of elpasolite crystals 
to still another unknown phase at 250° to 260 C C. 
(See pi. 12.) 

Zakharchenko (1955) describes some very in- 
teresting polyphase inclusions in quartz from quartz 
veins in the Pamir, U.S.S.R., which contain as many 
as nine daughter minerals. They were identified 
(based in part on destructive tests on large inclu- 
sions), in descending order of volume percent abun- 
dance, as magnesian calcite (estimated, from Zak- 
harchenko's fig. 15, to be ~20 percent), halite 
(~ 10-20 percent) sylvite (~1 percent) hematite 
(~ 1 percent), a sericitelike phase (<1 percent), 
clear albite (<1 percent), and several other uniden- 
tified phases. 20 The fluids present are water solution, 
liquid carbon dioxide (6-8 percent), and a gas hav- 
ing a very strong odor of H 2 S (~35 percent). Dur- 
ing homogenization of the high temperature inclu- 
sions (at temperatures of 360° to 420 a ), very sig- 
nificant amounts of the quartz host dissolve. This 
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is estimated, from measurements of the inclusion 
size, to be up to 160 g/1 (grams per liter) (Zakhar- 
chenko, 1955, p. 45 ; also stated as 6 volume percent 
or 13 weight percent, p. 42). From these data 
Zakharchenko calculates that the total volume of 
mineral matter carried in the solution, at the time of 
trapping, was 50 to 55 volume percent. Apparently 
even pure C0 2 can dissolve appreciable amounts of 
unknown solids (pi. 6, fig. 4). 

A series of studies of the daughter minerals in 
large inclusions in pegmatitic quartz, topaz, and 
fluorite was summarized by Ermakov (1965b). In 
this work a variety of identification methods were 
used, as described above, and measurements by two- 
circle goniometer, X-ray diffraction, and micro- 
hardness determinations, were also used on extracted 
daughter minerals. As many as 30 (presumably all 
different) daughter minerals were recognized. One- 
third of these daughter minerals are opaque phases, 
and many of the other are new minerals. Halite, 
sylvite, and fluorides make up more than half of the 
total volume, but the following minerals were also 
identified: hematite, chlorite, albite, quartz, rutile, 
zircon, muscovite, Btaurolite, and sphene (pi. 12). 
Freezing studies on some of these (Roedder, 1963b, 
p. 181) have shown that the liquid water solution 
(at room temperature) contains high concentrations 
of salts with at least some CaCl.. The samples con- 
taining these inclusions came from chambered peg- 
matites at Bektauata (Kazakhstan) and Volynia, 
some of which have central crystal-lined cavities up 
to 200 m* in volume. 

Lindgren and Whitehead (1914) describe some 
inclusions in quartz from a hydrothermal ore de- 
posit near Zimapan, Mexico, that have more than 50 
weight percent NaCl, as solid daughter mineral and 
solution, plus unknown amounts of other materials 
in solution. If it is assumed that only NaCl and H..0 
are present, such inclusions would homogenize at 
about 490° (Sourirajan and Kennedy, 1962). Similar 
amounts of daughter minerals are found in fluid in- 
clusions in samples from other ore deposits (Saw- 
kins, 1963, 1964, 1965a; Sawkins and Huebner, 
1963 ; Takenouchi, 1962b). (See also pi. 3, fig. 1.) 

Glass is a common solid phase in the inclusions in 
the minerals of volcanic rocks. There have been 
many interesting studies made of these inclusions, 
as some, at least, represent true samples of the 
magma, with all its volatile components (Carron, 
1961), but these are beyond the scope of this report. 
These silicate melt inclusions may be treated in a 
manner analogous to that used for aqueous inclu- 
sions, to obtain the temperatures of melting on heat- 
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ing (and hence of crystallization on cooling) of the 
daughter minerals and the homogenization tempera- 
ture (Roedder and Weiblen, 1970a, 1970b) (pi. 7, 
figs. 5-8). A few instances are reported of glass 
occurring in inclusions along with a fluid that is 
mobile at room temperature and a gas bubble. These 
probably represent trapping of an "emulsion" of 
droplets of the fluid phase in a silicate melt. Roed- 
der (1965d) shows that olivine nodules in basalts 
from widely scattered localities always contain in- 
clusions of liquid and gaseous CO? and that many of 
these contain variable amounts of glass as well (pi. 
4. fig. 6). Roedder and Coombs (1967) describe in- 
clusions now containing glass, salt crystal, solution, 
and gas bubble that represent trapping of various 
ratios of granitic melt and immiscible droplets of a 
hydrosaline melt, containing more than 50 weight 
percent NaCl (pi. 4, figs. 7 and 8). 

COMPOSITION OF THE GAS PHASE 

Relatively little can be determined about the 
nature of the gas phase by nondestructive tests.* 1 
Fluid inclusions give us practically the only data 
we have on the density of the ore fluids (Roedder, 
1967a) ; hence, one of the most important aspects of 
the gaB phase is ita volume, as this is the major 
factor in determining the gross density of the orig- 
inal fluid that was trapped (pi. 12, figs. 3, 4). 
Ermakov (1950a) categorizes inclusions by their 
"state of aggregation," based on the manner in 
which they homogenize (that is, in the liquid phase, 
in a supercritical fluid phase, or in the gas phase), 
under the assumption that these states are the states 
in which they were trapped. All that can be defini- 
tely determined from most inclusions, however, is 
the density of the trapped fluid (after corrections 
for thermal expansion and compressibility of the 
host mineral) and the minimum temperature of 
trapping. Depending upon the pressure, all three of 
Ermakov's "homogenization types" could originate 
from trapping of supercritical fluids at the same 
temperature, but at different pressures, and hence 
different densities (fig. 4.). 

Only rarely can the density be determined directly 
(Petrichenko and Shaydetskaya, 1968). Generally 
the determination of gross density is based upon the 
measurement of the volumes of all phases and their 
identifications as to composition and hence individual 
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density. (Corrections must be made also for the 
solution of the inclusion walls upon heating to the 
trapping temperature.) Hence, the volume of the 
gas phase, with a density near zero, must be mea- 
sured most accurately. Simple linear intercepts can 
be used with long tubular inclusions, and various 
planimetry methods can be used with flattened in- 
clusions (pi. 3, fig. 2). Sketching the projected image 
of a flat inclusion on heavy paper, followed by cut- 
ting out and weighing the pieces of paper represent- 
ing the phases, is simple, fast, and suprisingly 
accurate compared to the use of a planimeter. In 
thicker inclusions, the spherical bubbles can be 
measured more accurately than any of the other 
phase volumes, if the image size is not reduced by a 
curved upper inclusion wall acting as a negative 
lens (pi. 11, figs. 7 and 8). Unless care is taken, 
gross errors may also be introduced in the measure- 
ment of volume of a small sphere under the micro- 
scope due to the production of a falsely focused 
image associated with wide angle illumination 
(Saylor, 1965). Measurements of partly flattened or 
distorted bubbles yield only very crude and incon- 
sistent estimates of phase volumes, and visual esti- 
mates can be very far off (fig. 8). 

The nature of the gas bubble is shown mainly by 
destructive testa (see "Destructive methods of deter- 
mining composition"), but two phenomena may give 
qualitative evidence of the presence of carbon di- 
oxide. Hartley (1877a) first made the interesting 
observation that during heating of some inclusions, 
the "vapor" bubbles evidently achieve a density 
greater than that of the "liquid" and sink in it. 
Recent work on the system COj-H»0 by Todheide 
and Franck (1963) and by Takenouchi and Kennedy 
(1964) has shown that there is indeed a density 
inversion of "liquid" and "gas" phases in this sys- 
tem. Such density inversions may thus be used to 
obtain compositional data. 

Roedder (1963b, p. 195) showed that at low 
temperatures reaction of invisible CO» in the gas 
bubble with water in the surrounding liquid may 
yield crystals of the clathrate compound carbon 
dioxide hydrate (C0 3 «5%H 2 0) that are almost 
invisible. Data on the system HgO-COs-NaCl 
(Takenouchi and Kennedy, 1965b) may permit the 
estimation of CO. pressures in the gas bubble from 
the temperature of dissociation of such crystals. 
Carbon dioxide is the most likely compound to form 
clathrate crystals in cooled natural inclusions, but 
some ambiguity remains in the identification, in 
that many other compounds, both organic and in- 
organic, form similar clathrates. (See p. JJ23.) 
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Although of no direct compositional significance, 
the existence of pressure in the gas bubbles may be 
determined in a few cases by strain birefringence 
in the surrounding mineral. This was first described 
by Brewster (1820) around gas bubbles in amber. 
Although strain birefringence is common around 
solid inclusions in minerals (see pi. 6, fig. 3), most 
crystals apparently require such high pressure to 
yield visible birefringence that fluid inclusions rarely 
cause it. 

EQUIPMENT FOR HEATING AND COOLING INCLUSIONS 

Surprising as it may seem, the development of 
suitable equipment for heating (or cooling) in- 
clusions, particularly while under the microscope, 
has been a major hurdle to the progress of inclusion 
research, and a generally optimum design for such 
work has not been found. It is very difficult to 
achieve an adequately high, known, and controllable 
temperature in the sample under such conditions 
that high magnification and adequate illumination 
may be used and yet permit flexibility and speed in 
operation. Illumination is a particular problem, as 
the distances involved in such equipment preclude 
the use of the high-power condenser that is ordin- 
arily so helpful in microscopy of inclusions. A special 
movable light source has been used by the author 
(Roedder, 1962a, p. 1056-1057), and Bazarov 
(1965b) suggests long-focus condensers. Illumina- 
tion via flexible (and hence adjustable) fiber optics 
has proven to be the most generally adaptable 
system in the author's laboratory. 

There are many designs of microscope hot stages 
in the literature, starting with Phillips (1875) who 
used a simple paraffin bath. Most of the designs 
have good to excellent precision, but poor accuracy. 
Ermakov (1944a; 1950a, p. 86 in translation) 
describes an electrically heated microscope stage, 
using air as the heat exchange medium, that operates 
to 650 C C. The considerable amount of data that 
Ermakov (1950a, table 36, p. 249 and elsewhere, 
in translation) presents on the continuous formation 
and unidirectional streaming of gas bubbles in some 
inclusions at high temperatures apparently has not 
been recognized as being evidence of rather severe, 
static thermal gradients within the samples on 
this stage. Kalyuzhnyi (1958b) found that all 
temperatures determined with the "air-heated 
thermochambers of the old design" (presumably 
Ermakov's) were 30° to 60°C too low, and he 
describes an improved chamber, good to 700°C, 
using heat-conducting plates to move the heat from 
the windings to the sample. Bailey (1949), Meyer 
(1950), Bailey and Cameron (1951), Skinner 



(1953), Lemmlein (1953), Little (1955), Loskutov 
(1955), Pomirleanu (1959), Kormushin (1960), 
Nadeau (1967), Miller (1968), Pashkov, Timofeev, 
and Kotov (1968), Bazarov (1968c), Groshenko 
(1968), Ohmoto (1968a), and Ohmoto and Rye 
(1970) describe other models. The unit described 
by Meyer (1950) is particularly novel in that it 
makes use of vertical illumination, with the sample 
plate sitting on a heated metal mirror. 

Large, static thermal gradients present the most 
obvious source of trouble in air-conduction heating 
stages. These are to be expected in any sample that 
is heated only from the sides but can radiate heat 
both upward and downward through a large angle 
of view. Such errors can become much larger at 
higher temperatures (Bloss, 1964). To avoid at 
least some of these troubles, Richter and A bell 
(1953) designed an improved high temperature 
stage, operating up to 700°C, by surrounding the 
sample, above and below, with flat heating elements, 
each with a sufficient gap to permit viewing in 
transmitted light. The major uncertainties with 
such equipment are probably in the measurement 
of the sample temperature. This measurement 
must be done in such a way that either the value is 
correct (that is, it is the actual temperature of that 
part of the sample under observation) or provision 
must be made for calibration runs, permitting a 
suitable correction to be applied to cover gradients 
in sample and thermocouple (for example, Kirkham, 
1969) and other sources of error. As both of these 
procedures are difficult at best, Roedder (1962a) 
designed a heating stage in which the sample is 
immersed in rapidly circulating thermostated sili- 
cone oil as the heat exchange medium. Although the 
results are precise and probably also accurate, the 
procedure is relatively slow, and is limited by the 
nature of the fluids to approximately 250 °C. 

Recently several heating stages for use at high 
temperatures have been described. BarrabS and 
Deicha (1956, 1957) and Barrabl, Collomb, and 
Deicha (1957, 1959) heated minute polished spheres, 
cut from samples of quartz, to study the behavior 
of glass inclusions. Other hot stages have been 
described for use up to 1100°C (Brock, 1962) and 
1200°C (Kalyuzhnyi, 1960). Dolgov and Bazarov 
(1965) described a 1,600° stage with which a series 
of high temperature inclusion studies were made 
(Kerkis and Kostyuk, 1963; Vartanova and Shcher- 
bakova, 1964; Bazarova, 1965; Valyashko and 
Kogarko, 1966; Sobolev and others, 1967 ; Bulgakova 
and others, 1967; Bazarova and Dmitriyev, 1967; 
Bakumenko and others, 1969; Bulgakova, 1969; and 
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Naumov, 1969). A special microscope furnace using 
a molybdenum sheet as the heating element, in vacuo, 
has been described by Kalyuzhnyi (1965b) for use 
on glass inclusions, in the range 600° to l t 600°C. 

An ingenious microscope heating and crushing 
stage for the study of inclusions in samples under 
external hydrostatic pressure has been designed by 
Ypma (1965). Temperatures up to 250°C may be 
obtained, with external pressures, controlled by a 
pressure balance, up to 500 kg/cm*. Although the 
heavy glass windows preclude the use of high 
magnification, the equipment should permit the 
measurement of filling temperatures on inclusions 
in minerals that normally decrepitate before ho- 
mogenization. The most important design feature, 
however, is that the sample can be crushed while 
under observation, and the behavior of the gas 
bubble can be noted, thus permitting evaluation of 
the vapor pressure of the fluids, and the identifica- 
tion of certain gas constituents. (See p. JJ32— JJ33.) 

Entirely different procedures are generally used 
for heating samples for decrepitation studies (also 
a destructive test). In these the sample (usually 
coarsely crushed) is heated gradually and the tem- 
perature range of decrepitation noted. This decrepi- 
tation may be detected by use of a stethoscope to 
hear the sounds (Scott, 1948; Smith and Peach, 
1949; Ermakov, 1950a, p. 127 in translation), by 
visually observing the movement of grains (Er- 
makov, 1950c), or through the use of a microphone, 
amplifier, and various integrating and recording 
equipment (Smith and Peach, 1949; Peach, 1949a; 
Konta, 1951; Dolgov and Raikher, 1953; Kostyleva 
and Labuntsov, 1958; Zakharchenko and others, 
1958; Trufanov and Rodzyanko, 1963; Tugarinov 
and others, 1963; Malyshev and others, 1964; A. N. 
Ermakov and Nefedov, 1968; Kostyleva, 1968; 
Mel'nikov and Ryabov, 1968 ; and Myaz' and Simkiv, 
1963). A special design for use at low temperatures, 
for example with saline samples, is given by Mon- 
toriol-Pous (1967). 

Cooling inclusions under the microscope involves 
a surprising number of seemingly minor but ex- 
perimentally very troublesome details. The historical 
development of this method is given by Roedder 
(1962a), who describes a new cooling stage in which 
the sample is immersed in rapidly circulating 
thermostated acetone as the heat exchange medium. 
Several other cooling procedures have been described 
in the literature (Kern and Mattern, 1963; 
Mel'nikov, 1965; Velchev and Mel'nikov, 1965; Myaz' 
and Simkiv, 1965; Kormushin, 1965; Bazarov, 1966b; 
and IV.ty, 1968b). Sawkins (1966a) described a 



cooling stage based on the use of several thermo- 
electric (Peltier) cooling units; it will cool to about 
— 18*C and can be controlled to ±1°. 

The thermal mass of the 7 liters of acetone in the 
equipment described by Roedder (1962a) is so large 
that temperature changes cannot be made rapidly. 
To permit faster operation over a greater range, a 
stage is being built that will be cooled by rapidly- 
moving, single-pass nitrogen gas, cooled by liquid 
nitrogen, using some features of the cold stages 
described by Rhodes (1950) and by Monier and 
Hocart (1950). 

One problem inherent in all freezing studies using 
circulating refrigerated acetone is the possibility 
that cracking of the host mineral will admit a small 
amount of acetone which will lower the apparent 
freezing temperature drastically. Such cracking is 
most likely in those samples having inclusions with 
very small vapor bubbles, that are hence subjected to 
high internal pressures due to expansion on freez- 
ing. Valid freezing data on such samples can be 
obtained by the use of a miniature double-windowed 
cell, filled with oil, inside the regular cell of the 
cooling stage (Roedder, 1968d, p. 441). As the oil is 
immiscible with the inclusion fluid, this technique 
permits reasonably accurate determinations even on 
inclusions that do fracture on freezing. The high 
viscosity of most oils at low temperature precludes 
using them directly as the circulating fluid. 

These cooling devices are generally rather com- 
plex in design and operation. A much simpler, very 
inexpensive cooling procedure, that gives good re- 
sults over a wide temperature range, at the expense 
of a little more time, is described by Roedder (1962a, 
p. 1051). The operator can readily maintain two or 
three such units, at separate and easily varied tem- 
peratures. With a little practice, temperature can 
be held constant to ±0.5 Q C by the periodic addition 
of small lumps of solid C0 2 . Simple insulated con- 
tainers, made of nested pairs of glass beakers with 
glass wool between, are adequate for the cold baths. 

DESTRUCTIVE METHODS OF 
DETERMINING COMPOSITION 

QUALITATIVE AND SEMIQUANTITATIVE METHODS 

SOLIDS 

If a solid daughter mineral can be removed from 
its inclusion it can be identified by various normal 
petrographic and chemical techniques, as well as by 
single crystal X-ray and electron probe procedures. 
Rrewster (1823b) presented the first account of the 
identification of loose daughter ( ?) crystals extracted 
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from a fluid inclusion in quartz. These were identi- 
fied as calcite from their high birefringence and their 
solubility, with effervescence, in dilute nitric acid. 
Minute (—0.002 mm) single daughter crystals are 
very difficult to find in the crushed debris even when 
they are strongly birefringent and the host is iso- 
tropic (Roedder, 1968b, p. 175). When solid included 
grains are abundant or large, they can be recognized 
and their indices can be obtained, for example, peta- 
lite in aquamarine (Eppler, 1962b) and magnesian 
calcite in quartz (Zakharchenko, 1965). Elaborate 
and detailed studies of daughter minerals in opened 
inclusions have been reported by Kalyuzhnyi (1958a, 
1960, 1961). A tungsten carbide drill (advanced by 
the microscope fine focus screw) was used to drill 
two holes into large inclusions in pegmatitic topaz 
in a humidified environment, after nondestructive 
optical tests were complete. The index of refraction 
of the solution was measured, and the indices of the 
daughter minerals were obtained by inserting index 
liquids directly into the drained inclusions. Water 
and other reagents were added in sequence to deter- 
mine solubilities and to obtain solutions on which 
various microchemical and spectrographs tests were 
performed. The solid crystals which Kalyuzhnyi 
recognized included halite, sylvite, an unnamed new 
chloride of zinc and aluminum, elpasolite 
(K 5 NaAlF«), teepleite (Na,B 2 (V2NaCl'4HjO), 
cryolite (Na 3 AlF s ), caracolite (approximately 
PbOHCl'NajSCM, quartz, and a series of other un- 
identified phases on which only partial data could be 
obtained. The new chloride of zinc and aluminum is 
particularly interesting in that it is present in small 
amounts (1 to 2 volume percent) in almost all the 
inclusions studied. Its properties are as follows : ap- 
parently "rhombic" (orthorhombic?), showing 
prism, two pyramids, and probably the pinacoid, 
y =1.599 ± 0.001, a=1.585±0.002, +2V=60°, color- 
less, H=l-2, soluable in water with light grayish 
residue, soluble in concentrated H a SO. with effer- 
vnscence. 

Infrared absorption has proven very useful in 
characterizing the various bitumens found in the 
abundant hydrocarbon inclusions in the Khibiny 
alkalic massif in the U.S.S.R. (Ikorskii, 1967b, 
1968). 

LIQUIDS 

Sorby (1858, p. 470) was the first to prove with- 
out doubt that the liquid in common inclusions was 
water; he decrepitated inclusions in a closed-end 
tube, condensed the water vapor with low tempera- 
tures and determined the crystal form and melting 
point of the resulting ice crystals. He also noted 



(p. 471) in this same experiment that another sub- 
stance was given off, which condensed at a higher 
temperature. This he found to be KC1 or NaCl. Since 
then there have been many determinations of the 
water content of fluid inclusions. The quantity of 
liquid in inclusions can be estimated from weight 
loss determinations (Ermakov and Myaz', 1957) or 
from density measurements, as seen in figure 2. 
(See also Roedder and others, 1963, p. 355.) Many 
papers have been published in recent years in which 
the amount of inclusion fluid released during the 
crushing and leaching of a given sample for analysis 
is estimated from a count of inclusions in a rep- 
resentative small sample (for example, Zakhar- 
chenko, 1950; Vul'chin, 1958; and Ermakov and 
Myaz', 1957). From this value and the chemical 
analysis of the leachate, "concentrations" in the in- 
clusion fluid are then calculated. In addition to the 
problems of multiplicity of origin and uniformity 
of distribution of small inclusions throughout the 
sample, the volume of a single inclusion 1 mm in 
diameter is equal to 10* inclusions of 0.01 mm dia- 
meter (fig. 1), so the actual volume, composition, 
and concentration of the inclusion fluid in any given 
sample may be determined almost completely by a 
small number of erratically distributed larger in- 
clusions. 

Some of the earliest studies on the composition of 
inclusions made use of simple but effective qualita- 
tive tests involving evaporation of the inclusion 
fluids. Thus Nichol (1828) noted that the evapora- 
tion of inclusion fluids yielded new crystals, but that 
the mass stayed wet for days, indicating the pres- 
ence of a deliquescent substance." Newhouse (1932) 
noted similar deliquescence in inclusions from Mis- 
sissippi Valley-type deposits. Schertel (1878) noted 
the presence of colorless cubes on evaporation of the 
leach from inclusions in a "Spanish sphalerite"; 
these were proven to be NaCl by the spectrum lines 
of sodium and a strongly positive test for chloride 
ion with AgNOj. Newhouse (1932) made use of the 
formation of cubes of NaCl from evaporating inclu- 
sion fluids on broken mineral surfaces to obtain a 
crude but good estimate of the salinity of the fluids ; 
he evaporated similar droplets of known salinity to 
make the test semiquantitative. 
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Zirkel (1870b) described another elegantly simple 
but extremely sensitive test for sodium in fluid in- 
clusions. When a sliver of the mineral decrepitates 
in a flame, the sudden release of sodium-laden steam 
makes a tiny yellow flash. 

In many investigations, qualitative or semiquanti- 
tative spectrographic measurements are reported 
on the solids obtained by leaching crushed samples 
(for example Vlasenko, 1957; Karyakin, 1968). The 
elements found are usually Na, K, Ca, Mg, and 
traces of Si, Al, Ti, Fe, etc. Qualitative tests for 
the major anions are also usually made and show 
major CM, with lesser amounts of CO,-', S0 4 - 2 , or 
HCO, 1 . Zakharchenko (1950) and Skropyshev 
(1957) have analyzed very large inclusions (up to 
1.5 cm 9 ) for six or seven elements by semiquantita- 
tive spectrograph^ techniques, by simply soaking 
the porous carbon electrodes in the fluid. Several 
investigators have used semiquantitative spectro- 
graphic analyses of samples both with and "with- 
out" inclusions to obtain data on the inclusions (for 
example, Grushkin and Prikhid'ko, 1952; Skropy- 
shev, 1957). Less commonly, hot hydrochloric acid 
has been used as a leach solution (for example, 
Sait6, 1951; Shchiritsya, 1960). Unless very con- 
siderable efforts are made to avoid even microgram 
amounts of solid impurities in the sample to be 
crushed, it is difficult to interpret the trace element 
analyses made on such leaches, as well as analyses 
for such materials as ferric iron. Some authors re- 
port crushing samples directly in test reagents for 
qualitative determinations (Machairas, 1963a; Saitd, 
1951). 

Some of the data reported by Ermakov (1950a) 
were obtained by ignition at 500" to 600°C to deter- 
mine H-jO and C0 2 from weight loss, followed by 
pulverization and extraction with a water leach. 
The quantity of salts was obtained by the difference 
in weight between the ignited and the extracted 
samples. 

Huntley (1955) reported on a novel test for the 
presence of radioactive elements, using a photo- 
graphic (nuclear) emulsion to detect alpha activity 
in the inclusions in a polished quartz microscope 
slide. Unfortunately, the highest activity he records, 
42 alpha tracks in 6 months, came from an inclusion 
that had been opened to the surface during the 
slide polishing operation,*' but he does report some 
tracks from unopened inclusions. Picciotto (1950) 
suggested that concentrations of U and Th visible 
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in autoradiographs of rocks might represent fluid 
inclusions, but solid mineral inclusions seem more 
likely for most such concentrations of radioactivity. 

Loakutov (1962) showed that the water present 
in inclusions in natrolite could move through the 
open structure of this zeolite and evaporate during 
months of museum storage, leaving behind crystals 
of several salts. Thus he records crystals of hy- 
drous sodium ammonium (?) carbonate, nahcolite 
(NaHCOa), acid phosphate of sodium and am- 
monium (stercorite?), dehydrated sodium car- 
bonate (?), and sodium phosphate ( ?). Bergman and 
Blankenburg (1964) report the identification of the 
NaCl cubes and solutions in inclusions in Brazilian 
quartz crystal by X-ray diffraction studies of the 
recrystallized NaCl obtained by evaporation of a 
water leach, and Lamar and Shrode (1953) used 
X-ray diffraction to identify calcium sulfate, cal- 
cium carbonate, magnesium sulfate, NaCl, KC1, 
MgClj, and basic magnesium carbonate in the solids 
from evaporation of leachates from ball-milled 
limestones and dolomites. 

The microscope pressure stage of Ypma (1965) 
permits the determination of the vapor pressure of 
the fluid in inclusions, at various temperatures, and 
hence an independent evalution of the gross salinity. 
By crushing a series of similar inclusions in a sam- 
ple at a given temperature but varying external pres- 
sure, the pressure at which the vapor bubble neither 
expands nor contracts on release can be determined. 

CASES 

Many different qualitative tests can be used to 
determine something about the gases in inclusions. 
The pressure can be estimated by the simple ex- 
pedient of opening the inclusion while the sample is 
immersed in a fluid. This was first reported by 
Davy (1822) who drilled into inclusions in quartz 
samples that were under water, oil, or mercury, and 
found that upon breaking in, the bubble collapsed 
very markedly, and the external fluid was drawn in. 
This same simple test was used recently to deter- 
mine the gas pressure in a large vesicle in a tektite 
(Rost, 1964). The vapor bubbles in many inclusions 
are almost solely water vapor, as they collapse in- 
stantaneously and completely when exposed to at- 
mospheric pressure. Crushing can be done simply 
and quickly by pressing on the cover glass while 
watching the grain with the microscope. If the grain 
is large or hard, a piece of another slide can be used 
as a cover. Much more control is possible if a screw 
thread is used to apply the pressure, as in Deicha's 
original crushing stage (Deicha, 1950f; Roedder, 
1970a). 
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Davy (1822) also found some inclusions with gas 
at pressures greater than 1 atmosphere, as it ex- 
panded into the surrounding liquid when the drill 
broke in. Highly compressed gases, such as liquified 
CO; (at more than 70 atmospheres), will practically 
explode into the surrounding liquid and may even 
cause minor explosions when the rock is struck with 
a hammer (Hawes, 1881). The evolved bubbles will 
dissolve very rapidly if a fluid is chosen in which 
the gas is known to be soluble ; even if the gas is not 
known to be "soluble" in the fluid chosen, the bub- 
bles will dissolve with surprising rapidity. Thus a 
solubility of only 1 ppm will permit a 4 ^m gas bub- 
ble to dissolve completely in the fluid surrounding it 
within the range of rapid diffusion — a 20 ^m radius. 
The writer has observed that upon releasing some 
high pressure gas inclusions into fluids that are 
good solvents for the major gas present, the gas bub- 
ble formed is visible only as a black, circular "latent 
image" on the retina, as the bubble disappears al- 
most instantly after its original expansion. Not in- 
frequently, gas inclusions contain a mixture of 
gases; when these are released into a solvent for 
only one of them, there is a rapid shrinkage of the 
bubble to some intermediate radius as the soluble 
gas dissolves, followed by a slower rate of shrinkage 
representing the solution of the less soluble gas. 
Quick measurements of the bubble diameter can 
thus be used for rough calculations of the relative 
volume percentages of the several gases present 
(Roedder, 1965d). 

Chemical reactions of the evolved gas with the 
fluid in which the crushing is performed can be 
observed with the microscope. Thus Rasumny 
(1960) was able to identify the C0 2 in very small 
(5 fim) inclusions by reaction with a Ba(OH) : 
solution, and G. R. Helz was able to determine the 
presence of HjS in inclusions by reaction of the gas 
with an anhydrous glycerol solution of soduim nitro- 
prusside. A green precipitate formed in 1 minute 
from a 100 M m bubble containing 20 volume percent 
H 2 S (G. R. Helz, written commun., 1964). 

When an inclusion containing a liquified gas such 
as C0 3 is opened, the volume expansion is very large 
(pi. 11, fig. 5). Thus 1 volume of liquid C0 2 expands 
to approximately 350 volumes of gas. The specific 
volume expansion is strongly temperature dependent, 
but even a crude measure of it can be a useful para- 
meter in phase identification. Such an estimate can 
be obtained by measurements, made with a vernier 
micrometer ocular, of the volume of liquified gas be- 
fore and of the gas bubble or bubbles after crush- 
ing (Roedder, 1963b, p. 190). It is frequently diffi- 



cult to obtain a fragment of the mineral for crush- 
ing that is sufficiently small that only a single inclu- 
sion is present. When released, the bubble may free 
itself from the crushed fragments and float to the 
top to rest against the glass cover. Kalyuzhnyi 
( 1955a) has shown that all bubbles less than 0.4 mm 
in size are sufficiently close to spherical, even though 
slightly flattened against the glass, that they can be 
treated as spheres. 

Although obviously only qualitative or at best 
semiquantitative, the crushing test is very useful, 
as it is exceedingly sensitive. As little as 10 _u g of 
a relatively nonsoluble, noncondensable gas (less 
than a billion molecules) may be detected in this 
manner, as it will form an easily visible gas bubble, 
several micrometers in diameter at atmospheric 
pressure. Roedder (1965d) gives some further ex- 
perimental details on the procedure. Smaller 
amounts of gas than this cannot be recognized, as 
the increase in internal bubble pressure as the 
radius decreases, due to surface tension, causes such 
small bubbles to "blink out" almost instantly if they 
are less than a few micrometers in diameter. 

Above 100 -C, the water in inclusions will also 
vaporize when the inclusions are opened. Deicha 
(1952c) described an effective visual test for such 
gas evolution. He uses a "visual decrepitometer" 
with a transparent oil as the heating medium so 
that the tiny bubbles emitted can be seen. 

A variety of methods have been used to measure 
the gas pressure in the numerous gas inclusions 
present in ice (Nutt, 1961). Of these, the least 
ambiguous involves opening the inclusions while im- 
mersed in a fluid under a controlled, externally ap- 
plied hydrostatic pressure. Scholander and Nutt 
(1960) used a solvent for ice (glycerine) as the 
pressure medium and noted the pressure needed to 
just balance that in the inclusions at the moment 
that the slowly advancing solution front first inter- 
sected long tubular inclusions. With this method 
they found that the gas inclusions in Greenland ice- 
bergs were under pressures up to 20 atmospheres. 
A less precise method was introduced by Hamberg 
(1895), in which the density of the ice with inclu- 
sions and the volume of air released on melting were 
used to obtain the air pressure in the inclusions. 

Ypma (1965; oral commun., 1965-68) has shown 
that several properties of the gas evolved on crush- 
ing may be determined with his heating-pressure 
stage. Thus CO.., evolved from inclusions in a Brazil- 
ian quartz crystal (a part of this sample is illus- 
trated in pi. 7, figs. 9, 10) could be liquefied and re- 
vaporized by appropriate adjustments of pressure 



Digitized by Google 



DATA OP GEOCHEMISTRY 



or temperature. As the bubble gradually became 
smaller, through solution in the pressure medium 
(glycerol), the pressure needed for liquefication in- 
creased to more than 80 kg/cm*, greater than the 
critical pressure of CO- (75.3 kg/cm«). This is be- 
lieved to be due to differential solution of the gas in 
the glycerol, presumably increasing the concentra- 
tion of minor constituents. Similarly, by crushing 
a series of cogenetic inclusions, held at the tempera- 
ture of homogenization, at a sequence of external 
pressures, the vapor pressure of the fluid can be 
determined. Since both pressure and temperature 
are then known, the concentration of salts in the 
fluid can be estimated. 

Still another technique was described and used by 
Vogelsang and Geissler (1869). They decrepitated 
a sample in an evacuated tube containing electrodes; 
the presence of COi was proved by the spectra ob- 
served upon excitation of the gas. 

If strong smelling substances are present in inclu- 
sions, the odor on crushing can be used as a crude but 
effective test. Thus, very small quantities of volatile 
hydrocarbons in some inclusions (for example, the 
inclusions in fluorite from the southern Illinois de- 
posits (frontispiece, upper left; pi. 9, figs. 1-3)) 
yield a strong odor of petroleum. 

An exceedingly small amount of hydrogen sulfide 
may be detected by its odor. Assuming an average 
minimum level of detectability of 0.025 ppm (Patty, 

1962) , the release of —10-" g of H : S should be de- 
tectable with the nose. Wright (1881) detected an 
"unmistakable" odor of H S S from inclusions in a peg- 
matitic quartz, but the volume of HjS was too small 
to measure. Some limestones yield a fetid odor on 
scratching or crushing, but this odor is rather rare 
in well-crystallized minerals (table 1). Notable ex- 
ceptions are the finding of liquid HjS in coarse 
marbles of the Grenville Series (Harrington, 1905), 
in inclusions in a coarsely recry stall ized marble ad- 
jacent to a lead-zinc deposit associated with the 
Bingham copper mine in Utah (pi. 7, fig. 11; Roed- 
der and Creel, 1966), and in a Brazilian quartz crys- 
tal (pi. 9, figs. 5-9). 

Dons (1956) noted that an odor of H 2 S was 
evolved from a sedimentary barite crystal when it 
was rubbed, but not when it was decrepitated. The 
cause for this peculiar fact is not known, but it may 
lie in the disproportionation of polysulfide ion to 
form HS-' and SO*-* at room temperature (Cloke, 

1963) . Sphalerite sometimes releases a slight odor of 
H : S on breaking, but Hosking and Spry (1955) have 
shown that sphalerite is the one common sulfide that 
emits H ; S on being scratched with an iron knife. 



The odor on breaking sphalerite may thus be merely 
a reaction (unspecified) with the iron of the ham- 
mer. 

Some fluorite that has been subjected to a-particle 
bombardment emits a strongly pungent but sweetish 
odor on crushing. For many years this has been 
attributed to free fluorine or to ozone liberated by 
its reaction with water (Becquerel and Moissan, 
1890; Sine, 1925). Heinrich and Anderson (1965) 
report that the gases evolved on crushing a fetid 
fluorite-bearing carbonatite in a mass spectrometer 
contained a mixture of d and C« hydrocarbons (pos- 
sible fluorinated?), F 2 , HF, and F s O, and similarly 
Kranz (1965, 1966, 1967) found a variety of fluori- 
nated hydrocarbons in gas inclusions in "Stinkspat" 
fluorite from Wttlsendorf, Germany. 

QUANTITATIVE METHODS 

EXTRACTION AND ANALYSIS OF CASES 

A variety of methods have been used to extract 
the contents of fluid inclusions for analysis. All have 
specific applications, but as the limitations and er- 
rors inherent in some of these techniques are large, 
the resulting data are not always comparable and 
must always be examined in light of the limitations 
of the methods used. Many of the analyses for gases 
from inclusions are reported in the literature as 
though the gases came from gas inclusions, but moat 
of these probably came from the evaporation of 
liquids such as water or carbon dioxide, from gases 
dissolved in these liquids, or from various sources 
other than inclusions. 

Khitarov, Rengarten, and Lebedeva (1958) meas- 
ured the volume of water in large inclusions in cal- 
cite by evaporation in a stream of dry air, which 
was then passed through a weighed absorption tube. 
A mercury seal around the drill made it possible to 
open the inclusions directly in the air stream. Kar- 
pinskii (1880) proved the presence of high-pressure 
C0 2 in inclusions by crushing under mercury and 
absorbing the evolved gas in a barium hydroxide 
solution. Kalyuzhnyi (1955a) drilled into inclusions 
under dehydrated glycerol; the evolved bubbles of 
gas were trapped for measurement as they rose in 
the fluid. Maslova (1961) crushed samples in de- 
hydrated glycerol and transferred the evolved gas 
bubbles for analysis by means of a piston ultramicro- 
pipet. 

The gases (including water) in inclusions may be 
obtained by simple crushing in a stream of inert 
gas, followed by absorption and weighing as de- 
scribed by Pfaff (1871) ; by decrepitation in an inert 
gas stream followed by absorption (Khitarov and 
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Rengarten, 1956; Roedder, 1958, p. 263-266; and 
Rutherford, 1963), or by simple weight loss deter- 
minations upon heating. (Using this last method, 
Sorby (1858) found up to 0.4 weight percent water 
in quartz from Cornish granites.) *' Kramer (196")) 
used a refinement of one of these techniques to deter- 
mine the volume of water in inclusions in salt, prior 
to analysis of the materials in solution in the fluids. 
He weighed selected fragments on a microbalance, 
after drying to constant weight, 1 * cracked open the 
inclusions and evaporated the water, and reweighed 
the fragments; the entire operation was done in a 
dry box. Mironova and Naumov (1967) convert the 
water evolved on decrepitation to hydrogen with 
calcium hydride and measure its volume. 

Various vacuum techniques have also been applied 
to determine the water (and other gases) in inclu- 
sions. Wright (1881) decrepitated smoky pegmatitic 
quartz in a vacuum for gas analysis. Chamber lin 
(1908, p. 39) used a vacuum crushing device to prove 
that only a very small part of the gases he obtained 
by heating rock powders in a vacuum came from 
fluid inclusions. Thus he obtained 0.81 volumes of gas 
per volume of rock from a quartz sample by heating 
(his analysis, no. 71) but no measurable gas was 
evolved upon crushing a portion of the same mate- 
rial (p. 40). Barker (1965b) describes a much more 
effective vacuum crushing device. Elinson (1968b) 
gives a detailed description of a device for crushing 
in an inert gas stream and associated gas-handling 
equipment. 

Wahler (1956) investigated the various sources 
of error in gas analyses from rocks and minerals, 
and he developed an elaborate technique for obtain- 
ing and analyzing the gases from selected large in- 
clusions, which were evolved by decrepitation upon 
rapid heating. Entirely apart from the analytical 
problems such as losses by absorption on the walls 
of the apparatus, he found that there are many 
problems inherent in the use of heat to release the 
gases. For example, diffusion of hydrogen from 
burner gases through the apparatus walls was a 
serious source of contamination in some experiments 
reported in the literature. He also presents evidence, 
mainly from the literature, that much but not all of 
the CO. H„ CH lt 0 2 , and H 2 S found by earlier 
workers by heating rocks and minerals came from 

** Son* aampla* pr-eaeeit evidence of natural derrepilatiO'n hy beating 
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various chemical or catalytic reactions of original 
H 3 0 and CO» (and also possibly organic matter) 
with each other and with the mineral surfaces pres- 
ent, yielding a new assemblage of gases. A cogent 
argument in this direction is given by the early 
work of Travers (1898), who compared the gase^ 
evolved upon heating various samples (H., CO, and 
CO:), with the gases evolved upon solution in acids 
(C0 2 only). After extensive study of the similar 
problem of volcanic gas analyses, Shepherd (1938) 
concludes that it is impossible to relate conclusively 
the gases found by analysis of volcanic gas, or the 
gases from heated rocks and lavas, to those orig- 
inally present. (See also Emmons, 1964.) Several 
studies have shown that the amounts of hydrogen 
(and carbon monoxide) in the evolved gases increase 
with increase in the temperature used to extract 
gases (for example, analyses 23a, 23b, and 64-69, 
table 2). 

Kormushin (1962) and Dolgov (1965b) used de- 
crepitation in vacuo to determine the composition 
and pressure in inclusions, and Kokubu, Mayeda, 
and Urey (1961) heated samples to 1,100°C in low 
pressure oxygen, and then pumped off the gases, to 
obtain water samples for mass-spectrometric deter- 
mination of the deuterium/hydrogen (D/H) ratios. 

Roedder, Ingram, and Hall (1963) describe 
another technique for opening specially selected 
samples, containing a milligram or more of water, 
by crushing under high vacuum. They place the 
samples to be crushed in a collapsible metal tube 
(copper or stainless steel) and squeeze the tube 
from the outside with a hydraulic press, thus break- 
ing open the inclusions. This technique was also used 
by Hall and Friedman (1963). Suess (1951) crushed 
tektites containing gas vesicles in a sealed tube to 
determine their gas pressure; he measured the den- 
sity of the samples before and after crushing to 
obtain the volume of vesicles. Somewhat similar 
procedures have been used to obtain the volume of 
the liquid phase in inclusions (Roedder and others, 
1963, p. 389) and to obtain the pressure in gas inclu- 
sions in ice (Hamberg, 1895). 

Vacuum ball milling has been used frequently to 
open inclusions for gas analyses. Elinson (1949) 
used a metal ball mill connected to a vacuum line but 
had considerable difficulty with the rotating seal. 
Elinson (1956) adopted a simpler technique of 
grinding in vacuo, with subsequent pumping off and 
collection of the evolved gases, and made a series of 
analyses with it (Elinson and Polykovskii, 1961a, 
1961b, and 1963). Umova, Glebov, and Shibanov 
(1957 and 1960) used a similar technique. Although 
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not always stated, aparently steel grinding balls 
were used in all of these studies. 

Goguel (1963, 1964) showed that the large quan- 
tity of nitrogen found in most of the analyses of 
gases from ball milling: was a contaminant, evolved 
from the steel grinding balls as they were abraded 
in the mill. Nitrogen is present in igneous rocks 
mainly in the form of ammonium ion (Wlotzka, 
1961 ; Stevenson, 1962) . It is not known how this will 
behave on ball milling, but Kranz (1968a) obtained 
many different nitrogen compounds, including am- 
monia, amines, and nitrites on analysis of the gases 
released on vacuum crushing feldspar. Goguel also 
showed that on grinding carbonate minerals contain- 
ing no inclusions, considerable amounts of CO- may 
be formed, particularly if silica is present. To mini- 
mize or avoid these difficulties, he developed a vacuum 
microball-milling technique, using a silica glass mill 
and tungsten carbide balls on <l-g samples of 
<2-mm-grain size; this was followed by gas analysis 
procedures similar to those described by Wahler 
(1956). In ball milling, absorption of gases on the 
surfaces of samples, apparatus, and reagents can 
be an important source of error. Thus Kunkel (1950) 
found that well-cleaned quartz surfaces normally 
have one or two layers of water molecules that are 
not released by heating under 500°C, and absorp- 
tion of water on olivine and pyroxene is even less 
reversible (Nelson and Vey, 1968). Even inert gases 
such as nitrogen and argon are absorbed and held 
tenaciously (Khodakov, 1966). This absorption can 
occur almost instantaneously. Ware and Pirooz 
(1967) have shown that on breaking open gas bub- 
bles in glass in vacuum, absorption on the new sur- 
face causes significant losses of C0 2 . SO-, and H-O. 

Goguel (1963) also presents good evidence that 
much of the hydrogen and helium present in many 
minerals is lost by diffusion in 1 year at room tem- 
perature, once the mineral is crushed. (See also 
Kovalishin, 1968.) Conversely, diffusion into sample 
surfaces prior to analysis can contaminate samples 
with gases (for example, Reynolds, 1960). 

Still other methods of extraction and analysis of 
gas inclusions, appropriate to certain samples only, 
involve complete fusion or solution. Hoy, Foose, and 
O'Neill (1962) fused a salt sample containing gas 
inclusions to obtain a gas sample for analysis. Anal- 
ysis for argon usually involves fusing of the samples, 
either with or without a flux, in a vacuum system 
(Lippolt and Gentner, 1963; Rama and others, 
1965). The water-insoluble gases present in salt 
samples are very easily extracted by dissolving the 
sample in water (for example, the popping salt of 



Wieliczka, Poland — see Dumas (1830) and Rose 
(1839)). Meteorites and rocks have also been dis- 
solved in acids to obtain the gases from them, al- 
though much of this gas may not be present as dis- 
crete inclusions. 

In addition to the serious problems of extraction 
of gases detailed above, the analytical procedures 
for use on small amounts of gas mixtures are notori- 
ously poor. Absorption by solid or liquid reagents, 
combined with barometry or volumetry, provides 
the basis of many of the analytical procedures, but 
it is seldom truly specific. Khitarov and Vovk (1963) 
and Khitarov (1965c) report using an electrical 
method for carbon dioxide evolved from inclusions ; 
they measure the change in the electrical conductiv- 
ity of a Ba(OH) 2 solution as the CO- is absorbed 
and BaCO, is precipitated. The method is applicable 
in the submilligram range. 

Dolgov and Shugurova (1966a) claim to be able 
to extract and analyze for nine constituents (COs, 
NO, 0 : , CO. H-, CH„ total hydrocarbons, N- plus 
rare gases, and sum of S0 2 , NH„ CI, H..S and F) by 
absorption techniques on gases from inclusions as 
small as 10 ^m or even 1 ^m. Assuming liquified gas 
at a density of 1 g/cm 8 , this would correspond to a 
total sample of only 10~» or 10 IS g. The specific 
methods used were first given in a reference that is 
not available to the writer (Dolgov and Shugurova, 
1965), but Prof. Dolgov indicates (written commun., 
1967) that a later paper by the same authors (Dol- 
gov and Shugurova, 1966b) covers essentially the 
same material. It presents experimental data on the 
analysis of bubbles of gas mixtures in castor oil or 
anhydrous glycerol, using absorbers such as KOH 
and Cd(C3H 3 0 2 )i'2H,0. The bubbles analyzed, how- 
ever, were much larger than those mentioned by 
Dolgov and Shugurova (1966a), in that they ranged 
from 1.0 to 0.3 mm in diameter, corresponding to 
approximately 10~* to 10~* g gas. (See also Shugu- 
rova (1968) and Sobolev and others (1970).) Dolgov 
and Shugurova (1968) present a large number of gas 
analyses on a variety of minerals, and Dolgov 
(1968b) reports very appreciable fractionation of 
gases on gradual release from a punctured inclu- 
sion. 

Wahler (1966) gives rather complete experi- 
mental details on the method he developed for anal- 
ysis of inclusion gases. His method for gas mixtures, 
based essentially on fractionation by freezing out 
various constituents at specific temperatures (plus 
other manipulations), with pressure measurements 
before and after each step, can yield analyses ac- 
curate to 1 to 2 percent on as little as 1 mm* of gas. 
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The mass spectrometer is particularly suitable 
for the analysis of inclusion gases. Thus Herzog, 
Eskew, and Erwin (1962) report the analysis of as 
little as 10- u cm* (approximately 10— 17 g) of noble 
gases by the procedure. Mass spectrometry has been 
used very successfully in the analysis of the gases 
present in very small bubbles in glass containing 
only a fraction of a microliter of a gas mixture 
(Todd, 1956; Wosinski and Kearney, 1966), but only 
recently has much been done with mass spectrometry 
of fluid inclusions. In spite of occasional ambiguity 
due to overlapping masses (for example, CO and 
N 2 ; also NO- and CO; (Craig and Keeling, 1963) ), 
the method is powerful and can be expected to be 
applied to many inclusion problems. It is particularly 
useful for obtaining the ratios of gases, for example 
H.0 and CO* (Touray. 1968). Preisinger and Huber 
(1964; see also Arming and Preisinger (1968)) 
heated very tiny (0.1 mm) grains of feldspar, from 
several parts of zoned crystals, in an ultra high 
vacuum cycloidal mass spectrometer and determined 
large differences in the contents of U ., CH„ N 2 , CO, 
C0 2 , and Ar, between the core and rim. The analyses 
were made on a total volume of 10-* to 10-* cm' of 
gas, as they report finding 0.8 to 3.3 mm'/g mineral. 
Ohmoto (1968b) reports extensive studies of the 
gases in inclusions from the Bluebell mine in British 
Columbia, made by mass spectrometer on samples 
released by crushing or decrepitation. He analyzed 
for H 2 0, CO., Ho, CH,, N 2 , CO, C t H*, and C,H R . He 
was unable to detect H 2 S. Bratus', Stasyuk, and 
Panchishin (1968) used an omegatron mass spectro- 
meter and photographic recording to analyze the 
gases from individual inclusions in the range 10 -6 
to 10-» g from pegmatitic quartz. Six constituents, 
H I( CH„ H,.0, N 2 , Ar, and C0 2 were determined. 

C .G. Barker (1965a, 1965b, 1966) used both heat- 
ing to 400 C C and crushing in vacuo to release the 
gases for mass analysis. By the use of duplicate 
samples of three fluorites (1965b) he found that all 
of the CO and most of the hydrogen and methane 
released upon heating to 400°C were apparently 
formed by reaction during the extraction process. 
(See analyses 64-69, table 2.) The mass spectra of 
the hydrocarbon gases evolved on crushing also 
differed greatly from those evolved on heating to 
400 °C (Barker, 1966). Chaigneau (1967b) also re- 
ports considerable differences in the gases emitted 
from quartz on heating or crushing in a mass spec- 
trometer. 

Karasev (1958) found evolution of gas and emis- 
sion of electrons when he broke quartz crystals in 
a high vacuum, but he got neither on breaking glass 



or fused quartz. Vanderslice and Whetten (1962) 
cleaved natural halite from Baden, and synthetic 
melt-grown crystals, in a mass spectrometer under 
high vacuum (10 _s mm). They obtained burst* of 
gas, mainly water, which they attribute to very small 
amounts of individual water molecules in the struc- 
ture, rather than fluid inclusions. Ryan, Grossman, 
and Hansen (1968) got similar bursts of gas on 
cleaving silicates in ultrahigh vacuum, but they re- 
ported evidence that the gases were released from 
the walls of the chamber and the pump, rather than 
from the samples. Mercer (1967; see also Gold- 
sztaub and others (1966)) found much larger 
amounts of gas (10 ,s to 10'« molecule/cm*) were 
released on cleaving muscovite in an ultrahigh vac- 
uum. The gas was mainly nitrogen, with minor 
hydrogen, which he believes was trapped between 
the silicate layers. Htinrich and Anderson (1965) 
analyzed the gases evolved from crushed samples of 
a fetid carbonatite in a time-of-flight mass spectro- 
meter and verified the presence of fluorine and sev- 
eral fluorine compounds. 

Kranz (1965, 1966, 1967, 1968b) reported the 
presence of a variety of fluorinated hydrocarbons 
in the gases released on crushing uranium-bearing 
fluorite in vacuum, and in another paper (1968a) 
he gave full details on the extraction and analysis 
procedures. The procedure consisted of inclusion 
release by vacuum crushing, fractionation by freez- 
ing and then vaporization at —195, —78, and -f20°C 
and by gas chromatograph followed by a pressure- 
reduction system, and finally analysis by rapid 
sweep mass spectrometry. This permitted identifica- 
tion and quantitative or semiquantitative analysis 
of many hydrocarbon, fluorine, and nitrogen com- 
pounds, as well as the normal inorganic gases, in a 
series of fluorite and feldspar samples. 

Great care should be used in the interpretation of 
these mass spectrometric analyses. In particular, it 
is easy to let the extreme sensitivity blind one to the 
gross inaccuracies that can creep into such results. 
In the author's opinion, the most serious limitation 
on all such mass spectrometric gas analyses is that 
of gas fractionation by absorption (and reaction) 
on the various surfaces exposed. Such problems be- 
come acute in the sample size range involved in in- 
clusion studies. 

Deuterium/hydrogen ratios have been measured 
on water from many inclusion samples. Thus 
Kokubu, Mayeda, and Urey (1961) measured the 
water which filled amygdaloidal cavities in basalts, 
and 15 inclusion samples, mainly from various ore 
deposits, were measured by Roedder, Ingram, and 
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Hall (1963), using the vacuum extraction method 
described above. On crushing in vacuo, the evap- 
orated water and CO* are condensed in a cold trap 
at — 196 6 C; the pressure of noncondensable gases 
is measured ; the water is converted to hydrogen by 
reaction with hot uranium metal, and it is separated 
from the CCs by another cold trap. After volume 
measurement, the hydrogen is measured isotopic- 
ally by mass spectrometry. Hall and Friedman 
(1963) report 33 additional measurements, all on 
Mississippi Valley-type deposits. Rye (1964, 1965) 
reports D/H ratios for the inclusion waters in a 
series of samples from Providencia, Mexico. He also 
has examined the C"/C u and O'VO'* ratios in vari- 
ous generations of calcite from this deposit. Eventu- 
ally, similar measurements on the carbon and oxygen 
in the fluid inclusions in such samples also may be 
made, but it is not known how seriously any original 
isotopic fractionation will be affected by exchange 
reactions after trapping. 

There are several reports of other uses of mass 
spectrometry on fluid inclusions. Damon and Kulp 
(1958, p. 449), in discussing the sources for the ex- 
cess helium and argon they found in beryl crystals 
(that is, helium and argon in excess of that from 
radioactive decay since crystallization), state that 
at least some of it probably is present in the form of 
fluid inclusions. Undoubtedly some is also present 
in the relatively large channels in the structure, 
along with very appreciable quantities of water (as 
much as 3 percent (Feklichev, 1963)). Lippolt and 
Gentner (1963) found excess argon in hydrothermal 
fluorite, presumably from fluid inclusions. Rama, 
Hart, and Roedder (1965) report large amounts of 
excess argon in the fluid inclusions of a metamor- 
phic quartz vein, and they used isotope dilution 
methods to determine the very low total potassium 
content (sum of that in the inclusions and that in 
the mineral structure) of the sample. The data pre- 
sented would give a calculated potassium-argon "age" 
for the formation of the vein that is too old by a factor 
of 1,000 (roughly 250 billion years rather than 250 
million years). Funkhouser, Naughton, and Barnes 
(1965) and Funkhouser and Naughton (1968) 
report similar excessive argon "ages" for ultramafk 
xenoliths from Hawaii, which they believe result 
from argon in the fluid inclusions that commonly 
are present is such rocks (Roedder, 1965d). Zimmer- 
mann (1966) presents a very interesting report on 
the mass spectrometry analysis of the gases given 
off of quartz samples, with and without inclusions, 
on heating in vacuum to 200°, 400°, 600°, 800°, 
1,000", and 1,200°C. Touray and Lantelme (1966) 



report a somewhat similar series of mass spectro- 
metric analyses of gases given off by samples of 
quartz, fluorite, and dolomite from Tunis, after heat- 
ing through 50-degree increments from 100° to 
550°C. 

Gas chromatography is a potentially valuable 
method for inclusion analysis, and it may be ap- 
plicable even to relatively nonvolatile components 
(Giddings and others, 1968). Although it has been 
used successfully in the determination of <10~* cm* 
(about 10-* g) each of several gases from bubbles 
in glass (Bryan and Neerman, 1962; Helzel, 1969), 
and has been widely used in the analysis of a variety 
of natural hydrocarbon gases, it has seldom been 
used on inclusion gases. More recently Clarke and 
Cable (1967), using two absorption columns (SiO s 
gel and 5 A molecular sieve), report a minimum 
detection range of 10~ T to 10~* cm*. Jeffery and 
Kipping (1963) used gas chromatography to deter- 
mine the gases released on fusion of rocks, with a 
flux, in a stream of carrier gas. They determined 
H, He, O, N, and Ar and found that the amount of 
H obtained was less than that which would be 
formed by reaction of evolved water with the 
amounts of ferrous iron known to be present. Ap- 
parently the first application of gas chromatography 
to the study of actual inclusion gases was by Acker- 
mann, Schrader, and Hoffman (1964), who studied 
"popping salt" from the Werra river district in 
East Germany. 

The latest application of gas chromatography has 
been to the organic gases evolved from fluid inclu- 
sions in the alkalic rocks of the IHmaussaq intru- 
sion in Greenland (PetersiPe and Stfrensen, 1970). 
In this work 300 to 350 g of rock was crushed in a 
vacuum system and about 0.5 cm* of evolved gas 
was then analyzed by gas chromatography for up to 
12 constituents (Prof. H. Stfrensen, written com- 
mun., 1969). The method is powerful, and it should 
be applied to many other types of inclusions. 

EXTRACTION AM) ANALYSIS OF LIQCWS 

Large inclusions present few problems, either on 
extraction or on analysis. A hole can be drilled, and 
the fluid pipetted out for analysis (Davy, 1822; 
Sjogren, 1893).'* Maslova (1961, 1963) used a 
piston micropipette on large inclusions. Holser 
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Khrtchikov. BaliUkli, and GasparyanU 41*66) have made rhefnJcal anal- 
ya«a of eoch larva "ayothetJe" lacluaiona (8 bud.*), aa well aa the normal 
•mall primary incluaiona that form In »ynth*t!« quarts (aelnar a cruehlnc 
a no leadline technique I. for eomperUon with the original fluid aaed in 
the aotoclave. The different** resorted are pmbebly aeeia-nable to (he 
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(1963) used a special filter-tipped micropipette to 
exclude solid particles produced by drilling. Com- 
monly the volume of the inclusion is obtained by 
refilling the inclusion cavity with a measured amount 
of mercury or other fluid. Even larger "fluid inclu- 
sions," in the form of vug fillings in mines, have 
been found and occasionally parts have been set 
aside for analysis (Ingerson, 1947, p. 378-379; 
Noble, 1950, p. 235; Roedder, 1963b, p. 183; White, 
Hem, and Waring, 1963). These large vugs are not 
truly sealed, as they have polycrystalline walls, but 
the fact that they sometimes have compositions 
considerably alien to the current local ground or 
mine waters in the area proves that the rate of 
leakage has been low. 

For the opening of larger numbers of small in- 
clusions, simple crushing, followed by leaching with 
water of other fluids, is the most common procedure, 
and more data have been obtained by this method 
than any other. The optimum procedure would dis- 
solve all the materials from the opened inclusions, 
including both easily soluble and relatively insoluble 
daughter minerals, but would dissolve nothing from 
the host mineral or contaminants. As there is no 
such procedure, compromises are needed. Relatively 
insoluble host minerals such as quartz may simply be 
crushed and leached with water, particularly if the 
volume of the inclusions extracted is large enough 
to mask contamination. Sorby (1858) was one of the 
first to use this method; large samples were crushed 
in an agate mortar by Zakharchenko (1950) and 
Skropyshev (1957). Maslova (1958) used a micro- 
manipulator to aid in the crushing and leaching of 
selected small grains. Kramer (1965) cracked open 
small single inclusions in weighed samples of salt, 
determined water by weight loss on evaporation 
(see previous section), and then dissolved the entire 
sample with a small amount of water. Corrections 
were made for the host NaCl dissolved. Similar but 
much smaller corrections can be applied to leaches 
made of less soluble minerals such as fluorite (Roed- 
der and others, 1963, p. 360-361 ; Hall and Fried- 
man, 1963, p. 894; Zakharchenko and Moskalyuk, 
1968), but it is difficult to make the crushing and 
leaching procedure so uniform that the correction 
for dissolved host mineral is reproducible. Feldspars 
may release large quantities of alkalies (Govorov 
and others, 1968) . An additional problem is presented 
by the inherent difference between the correction for 
host mineral solution to be expected on first contact 
of a freshly crushed mineral and subsequent leaches. 
The first leach might be expected to show a higher 
host mineral solubility due to the presence of very 



minute or strained particles and fresh surfaces of 
high energy configuration (points, edges, surfaces 
with nonrational indices, etc.). 

Other workers have opened inclusions, prior to 
leaching, by decrepitation in a gas stream (Roedder, 
1958, p. 264) ; decrepitation in a vacuum system 
(Wahler, 1956) ; crushing in vacuo (Roedder and 
others, 1963; Hall and Friedman, 1963) ; and crush- 
ing in a ball mill (Faber, 1941; Lamar and Shrode, 
1953; Roedder, 1958; Goguel, 1963 and 1964; and 
Kramer, 1965). *' Numerous sources of contamina- 
tion or loss in ball milling (and some other methods) 
are discussed by Roedder (1958), Goguel (1963), 
and Suscherskaya (1968). Adequate cleaning of the 
sample prior to crushing, so that only materials 
from sealed inclusions are obtained, is an important 
but often neglected step. Lamar and Shrode (1953) 
worked with limestones and dolomites in which 
visible surface efflorescences indicated that some 
salts were present in connected pores in the rocks, 
open to the surface. These salts were not removed 
prior to ball milling in that the purpose of their in- 
vestigation was not to determine the composition of 
the fluid inclusions. Such soluble salts are present 
in fractures in most samples, however, and do con- 
stitute a major source of contamination. Simple 
washing will not suffice to remove them, but ex- 
tended electrolytic cleaning apparently removes most 
of them (Roedder, 1958). 

One of the most important sources of contamina- 
tion is the solution of ions from the broken surfaces 
of the host mineral or even very minute amounts of 
impurity minerals (Correns, 1940) ; absorption on 
the large amount of mineral surface may cause a 
major loss of ions from the inclusion fluids. The 
quantities of salts involved are very small and the 
volumes of solution are large, so that the amount of 
contamination from even high grade analytical re- 
agents and apparatus can become a serious problem ; 
ordinary laboratory deionized water is completely 
inadequate for much of the work, and all contact 
with glass should be eliminated (Roedder and others, 
1963, p. 359-360). Unfortunately, many of the anal- 
yses made of leachates, as reported in the literature, 
do not give sufficient details on technique, such as 
blank analyses of reagents and water, volumes of 
leachate used, and analytical accuracy itself, to per- 
mit evaluation of the results. Easily made measure- 
ments of the electrical conductivity of leach solu- 
tions, both before and after leaching, are of great 



2? On* eonmonly »i*WTe»ted method of openinc inclwetofia — **p*n*!or> on 
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value in monitoring the inevitable contamination 
during leaching, and they provide very useful data 
for planning the analytical procedures and checking 
the results obtained (Roedder and others, 1963) . 

Once the inclusion salts have been dispersed or 
dissolved in the leach fluid, the solution must be 
separated from the crushed mineral. The validity of 
this separation is a larger problem than it might at 
first appear to be, and a variety of methods has been 
used. If the crushing has been coarse, decantation 
or simple but contamination-free 2 * filtering is pos- 
sible. When ball milling is used, the fine grain size 
obtained requires special niters. Lisitsyn (1961) 
used membrane filters (pore diameter 0.04 ^m), as 
did Goguel (1963). Roedder (1958) used an electro- 
dialysis cell to separate the ions from the slurry of 
water and ground mineral. This is preferable to 
filtering, in that inclusion ions "plated out" on the 
rather large amount of mineral surfaces (— 10 4 
cmVg) are also removed, and the anions and cations 
are separated, but as is shown in that paper, several 
additional problems are introduced. Kalyuzhnyi and 
Pritula (1968) use pressure filtration. 

Ermakov (1950a, p. 57, 61, 64, and elsewhere, in 
translation) emphasizes that the composition of the 
fluid obtained by leaching crushed samples is not 
the same as that of the original fluid as trapped. 
The difference lies in the additional but unknown 
amount of host mineral that was in solution at the 
conditions of trapping. To correct this, he repeatedly 
recommends heating the inclusions to their homog- 
enization temperature for a length of time adequate 
to reach equilibrium with the walls, then overheat- 
ing them so they decrepitate, before leaching the 
residue. Lisitsyn (1961) and other Russian workers 
have also used this procedure. The method gives no 
assurance, however, that (1) any host mineral that 
does go into solution upon heating (the amount is 
generally very small) will necessarily be soluble in 
the leach solution after decrepitation of the inclu- 
sion and the resulting precipitation of solutes pres- 
ent, or (2) the solution of the host mineral surface 
by the much larger volume of leach solution will not 
put far more host material into solution than the 
original inclusion fluids precipitated upon cooling. 
In addition, Roedder (1958, p. 265) found that de- 
crepitation, followed by electrodialysis, gave a very 
low yield of the normally highly soluble inclusion 
solutes, presumably owing to chemical reactions and 
diffusion into the solid sample upon heating. 

Ordinary analytical niter papers may contribute very ilmlAcaat 
quaBtitlee of chloride Ion. eo that fipecUl Altera are needed I for example, 
of aebeeto. (Roedder and other.. 1»SJ. p, St»j ). 



Many of the techniques suitable for rock and 
water analyses may be used on the leachates, but in 
general the quantities of leachate and the concentra- 
tions of the individual ions in them are both so 
small that special semimicro- to ultramicromethods 
are needed. Although the concentration of salts in 
inclusions varies widely, if they are assumed to have 
10 percent by weight of total salts, the extraction 
of 10 inclusions, each 1 mm in size (a rather large 
sample), will yield only 1 mg (milligram) of salts. 
About half of this milligram will normally be com- 
posed of Na and CI, so that only about 500 micro- 
grams (gammas) are left for all other constituents 
combined. Larger samples yield more inclusions, but 
at the cost of more ambiguity as to inclusion origin. 
A quantitative analytical procedure using flame 
photometry and several sensitive colorimetric meth- 
ods particularly appropriate to the 1-mg range has 
been developed by Blanche Ingram. (See Roedder 
and others, 1963, p. 361-364.) Other micromethods 
are described by GrynTriv and Kalyuzhnyi (1966) 
and in a number of the papers listed in table 3. 

Special methods such as polarography, quantita- 
tive spectrography, and X-ray fluorescence may oc- 
casionally be best for certain elements. Arnautov 
and others (1965; also Bazarov, 1965a) report the 
first analyses of inclusions made with a multi- 
channel — photoelectric quantometer. Haffty and 
Pinckney (1967) report a quantitative spectro- 
graphic method in which only 0.2 ml of a fluid, con- 
taining only 1 to 10 ppm each of Mg, Na, and Ca, 
may be analysed for these other elements, with re- 
sults that are in good agreement with atomic absorp- 
tion spectrography. For sodium, this would corre- 
spond to analyzing a single inclusion approximately 
0.1 mm in diameter. Neutron activation has par- 
ticular promise for some fluid inclusion analyses. It 
is very sensitive for chlorine (5xl0-» g). although 
ordinary wet chemical analyses for chloride usually 
present few problems. It has actually been used for 
analyses of inclusions for the heavy metals (Cu, Mn, 
and Zn) in the 10~« -g range (Czamanske and others, 
1963). Ohmoto (1968b) has found atomic absorption 
analysis to be suitable for Na, K, Ca, Mg, Fe, Zn, 
and CI in inclusions. Although none of these methods 
is universally applicable and perfect, and many are 
relatively low in precision, the major limitation in 
the analysis of inclusions, and in the interpretation 
of the results, still remains in the nature of the 
samples and the extraction procedures used. 

Eh AND pH MEASUREMENTS 

It would be very desirable to know the pH of the 
fluids in inclusions at the time of trapping. If these 
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values could be obtained at room temperature, to- 
gether with inclusion composition, extrapolations 
to the temperature and pressure of formation might 
be possible, and these extrapolations certainly would 
be valuable in solving problems of ore transport and 
deposition (Barnes and Ernest, 1961; Wilson, 1961 ; 
Barnes 1965). The pH may be obtained either by 
calculation or measurement. One of the first attempts 
at calculation was by Uchameyshvili and Khitarov 
(1965), who used the analytical results on CO;, and 
HCO,-'. 

Although many measurements have been made of 
the pH of fluid inclusions, few of them are at all 
accurate. Most of the older measurements are 
merely qualitative — large inclusions were opened 
and litmus paper was applied. Thus Newhouse 
(1932) found that the liquid inclusions in galena 
from Leadville, Colo., and Joplin, Mo., were neutral 
to litmus paper. Zakharchenko (1950) opened a 1.5 
cm" inclusion in quartz and found the liquid to be 
alkaline to litmus (that is, pH between 4.5 and 8.S), 
but he noted that the inclusion fluid boiled violently 
on opening. The effects of such gas evolution on the 
pH of the fluids will vary with the gas and could be 
large. Kalyuzhnyi (1957, 1960, 1961) gives some re- 
sults of microcolorimetric pH measurements of 
large inclusions in which the pH increased as much 
as one pH unit in the first few seconds after open- 
ing. He found pH values as low as 4.3 in multiphase 
inclusions in pegmatitic topaz. Maslova (1958) re- 
ports a pH of 4 for the liquid of a large (0.03 ml) in- 
clusion in fluorite from the vuggy pegmatites of the 
Kermet-Tas deposit, which contained 69 volume per- 
cent liquid and 31 percent gas. Unfortunately, she 
does not state the method used to measure the pH. 
Skropyshev (1957) tested the fluid from a large in- 
clusion with three different indicators, and Prikaz- 
chikov and others (1964) used a pH meter 
on the fluid from very large (-400 cm*) inclusions. 
Yushkin and Srebrodol'skii (1965) also used three 
indicators, bromthymol blue, bromcresol purple, and 
cresol red, which they introduced into large inclu- 
sions in sulfur with a needle; the pH was estimated 
to be 7 to 7.5. Petrichenko and Shaydetskaya (1968) 
used three different methods on large inclusions in 
recrystallized halite; their results ranged from pH 
4.95 to 6.2. 

Erickson (1965, p. 527, and written commun., 
1965) determined the pH of large inclusions in cal- 
cite from the Upper Mississippi Valley lead-zinc de- 
posits to be about 7.5, by letting the inclusion fluid 
wet sensitive pH-indicating paper under a bino- 
cular microscope. Although no effervescence was 



noted, the inclusion fluid escaped almost instantly 
from the inclusion upon opening. Rather than rep- 
resenting gas evolution from the liquid on pressure 
release, it may signify merely the expansion of com- 
pressed gas in the bubble. The author has noted 
similar behavior for inclusions in the fluorite-zinc 
deposits of southern Illinois; the bubbles are ex- 
tremely soluble in kerosene, and hence they may well 
be compressed methane or other organic gas. 

Not infrequently, the pH of the dilute water 
leaches is reported as though it were the pH of the 
actual inclusion fluid (Grushkin and Prikhid'ko, 
1952; Zakharchenko, 1955; Grushkin, 1958 ; ShchirU 
tsya. 1960; Sheshulin, 1961; Dekate, 1961; Poly- 
kovskii, 1962a). Kostyleva and Sukhushina (1957) 
have avoided the variations in pH due to variations 
in dilution, grinding, etc., by establishing a strictly 
empirical grinding and leaching procedure for pre- 
paring the fluids for pH determination ; they believe 
that the pH of the resulting suspension is a specific 
value, characteristic of the deposit, and reflects the 
liquid (and solid) inclusions. L. A. Prikazchikov (as 
quoted in Ivanova and Zakharchenko, 1963) believes 
he has evidence that the pH of the leach solutions is 
the pH of the inclusion fluids, and Skropyshev 
(1957) states that he obtained similar values for the 
pH of the actual inclusion fluid (pH, 7.0-7.5) and 
the leachate (pH, 7.45). However, Khetchikov, Balit- 
skii, and Gasparyants (1966) found that the pH of 
the fluid in individal inclusions in synthetic quartz 
corresponded to that of the orginal fluid charge in 
the autoclave, but the pH of aqueous extractions 
from the quartz did not. Khetchikov, Balitskii and 
Dernov-Pegarev (1968) state that the pH of in- 
dividual (large) inclusions is about the same as that 
of the mother liquor, but the pH of aqueous extracts 
has little relationship to that of the mother liquor, 
even at high alkalinities. 

There are several major fallacies in the assump- 
tion that the pH of a leach solution is the same as 
the pH of the inclusions themselves, in addition to 
the common problem of loss of compressed gases 
mentioned above. Trufanov (1967) calculates that 
a thousandfold dilution will cause only minor "5 to 
6 percent" changes in the pH of certain types of 
inclusions. Even if the diluting fluid were pure water 
at pH of 7.0 (the pH of the water used for leaching 
is seldom stated), it is very unlikely that the inclu- 
sion fluids are sufficiently buffered in composition 
that they can be drastically diluted without serious 
changes in pH. yet dilution factors (volume of leach/ 
volume of inclusion fluid) as high as 5,000 are im- 
plicit in some of the pH data reported, and these 
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factors are seldom as low as 1,000. In addition, there 
may be large effects on the pH of a leach solution 
just from contact with the host mineral and any 
other solid phases. It has long been known that 
mineral surfaces react with water, and this reaction 
affects the pH to the extent of providing a diag- 
nostic field test for certain minerals (Stevens and 
Carre n, 1948), yet the pH values for extracts from 
a wide range of minerals such as calcite, fluorite, 
8podumene, microcline, and quartz are frequently 
assumed to be the pH values for the inclusion fluids 
themselves, and to be sufficiently accurate that ge- 
netic conclusions may be drawn from them — even 
from small differences between individual samples. 

Machairas (1963a, 1963b, 1963c) obtained a 
measure of the pH and the free CO! content of inclu- 
sions by a titration procedure, using the decoloration 
of an alcoholic solution of phenophthalein at pH of 
9.3-10. Chukhrov (1960) measured both the pH of 
leach solutions and the pH of the water condensate 
obtained during decrepitation of the inclusions. The 
latter fluid was considerably more acid, as might be 
expected from the distillation of HC1 fromed by high 
temperature equilibrium between Si0 2 , H 3 0, and 
NaCl. If the host mineral is quartz, its effects on the 
pH will be small. Zakharchenko (1955) found that 
the pH of a leachate from quartz rich in multiphase 
inclusions was 8.6 measured electrically. Although 
this pH cannot result from reaction with the quartz 
surfaces, very appreciable quantities of carbonates 
are present as daughter minerals in these inclusions 
and might act as a buffer in the pH determination. 
However, considerable liquid COj and some H.S 
were lost before leaching. 

The writer knows of only one report of the deter- 
mination of the oxidation potential (Eh) of the 
fluids in inclusion (Petrichenko and Shaydetskaya, 
1968). In this work a pair of electrodes (platinum 
and calomel, using Zobell's procedure) were inserted 
in 0.8- to 1-mm holes drilled into large fluid inclu- 
sions in water-clear recrystallized halite from the 
Artemousk rock salt deposit in the Donbass. At- 
mospheric air was excluded, and a correction of 
+245 mv (millivolts) was made, following Carrels. 
The results on 27 single-phase liquid inclusions 
ranged from —10 to —130 mv, and averaged —70 
mv. Two-phase inclusions gave higher Eh readings, 
from 0 to -f- 150 mv, indicating that their bubbles 
represented infiltrated air. The acid reducing con- 
ditions during halite recrystallization are corrobo- 
rated by the common occurrence of pyrite in such 
salt, and contrast with the weakly oxidizing environ- 
ment of salt basins. 



Any large inclusions could be measured with 
existing equipment, as miniature and subminiature 
Eh electrodes are available, but the problems of 
extraction of the fluid precludes most such measure- 
ments ; in addition, the other problems of pH meas- 
urement generally are applicable here as well. 

It should be possible to calculate the Eh from 
detailed studies of the composition of the inclusions. 
Thus any multivalence state component or group 
theoretically could be used— Fe+VFe+*, CO /CO,, or 
HS- , /SO«- ! — together with pH measurements, but 
it is probable that neither the original high tempera- 
ture equilibrium will be quenched in, nor that true 
room temperature equilibrium will be obtained. 
Miyashiro (1964) has shown that most subsurface 
waters are low in oxygen, which he attributes to re- 
action with graphite in sedimentary and metamor- 
phic rocks. Chinner (1960) has pointed out that the 
oxidizing or reducing capacity of the fluid phase 
compared to that of the surrounding rocks is very 
important in regional metamorphism, where the 
system is closed to oxygen, but rocks which form 
thermal metamorphic aureoles were open with re- 
spect to oxygen at the time of metamorphism, as a 
result of greater movement of water. 

Sometimes, daughter minerals may be useful in 
estimating the state of oxidation. For example, tiny 
crystals identified as hematite from their optical 
properties are not uncommon in the fluid inclusions 
in some porphyry copper deposits (Lindgren, 1905; 
Butler and others, 1920 ; Roedder and Creel, 1966). 
It would be valuable to know the sulfur species 
present, particularly sulfide versus sulfate sulfur, 
but there are no known analyses of inclusions that 
list both. Usually only sulfate sulfur is determined, 
and not infrequently this is actually total sulfur as 
sulfate. Except in rather rare instances, the con- 
centration of sulfide sulfur is very low in the ore 
deposit samples that have been studied, at least as 
determined by the evolution of H 2 S on opening or 
by calculation from the high contents of heavy 
metals (Czamanske and others, 1963). Daughter 
minerals found in inclusions in various Brazilian 
quartz crystals include sulfides such as pyrite (Roed- 
der and others, 1963, p. 367) and sulfates such as 
gypsum (Bergman and Blankenburg, 1964). Simul- 
taneous occurrence of sulfates and sulfides in the 
same inclusions would help to place definite limits 
on the state of oxidation of the fluids (Barton, 1957) . 
Laz'ko (1958) has shown that both hematite and 
pyrite are found as primary solid inclusions in 
quartz crystal deposits in the U.S.S.R., nucleating 
on and growing contemporaneously with the quartz, 
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but never both in the same crystal. Such data should 
be correlated with the analyses of fluid inclusions 
that have been made on these same deposits. 

Unfortunately, the Eh of an inclusion fluid would 
be strongly affected by any loss of hydrogen or H 2 S 
from the system. Although the evidence against 
gross leakage of major constituents from inclusions 
is commanding (Roedder and Skinner, 1968), there 
is no proof that small amounts of hydrogen cannot 
leak out and increase the oxidation state of the re- 
maining fluids. One of the major difficulties in call- 
ing on this mechanism to explain the presence of 
hematite flakes in inclusions 1 * is that maintaining an 
adequate "hydrogen sink" outside the inclusion to 
drive the diffusion process. As many ore-forming 
processes apparently take place at low oxidation 
states, that is, high partial pressures of hydrogen, 
the most expectable change in the state of the fluid 
bathing the exterior of the crystal would be toward 
more oxidizing conditions, particularly as the ero- 
sion surface approaches the deposit and oxygenated 
surface waters are involved. Even this should have 
only a small effect, however, because diffusion rates 
are greatly reduced at surface temperatures, and 
because ground waters penetrating ore deposits are 
rather effectively buffered with respect to oxygen 
by reaction with sulfides. 

ANALYTICAL DATA 

The literature providing data on the composition 
of fluid inclusions has been tabulated with annota- 
tions in tables 1, 3, and 8, and some representative 
quantitative analyses from this literature are given 
in tables 2, 4, 5, and 6. Most of the data have been 
recalculated for ease of tabulation and comparison, 
as indicated in the footnotes to the tables. In all the 
tables, only very brief details of localities are given ; 
in many but unfortunately not all of the references 
cited, complete descriptions will be found. The anal- 
yses given are usually only a part of those given in 
the original reference and were selected to show the 
range or general nature of the work. The extent of 
the original work (and of many other works, par- 
ticularly the most recent ones, that are not rep- 
resented in the analyses of tables 2, 4, 5, and 6) can 
be found by referring to table 3, "Summary of 
quantitative and semiquantitative chemical and iso- 
topic analyses of fluid inclusions." 

Not uncommonly the statements of analytical data, 
as presented in the literature, are somewhat am- 
biguous. The most common source of ambiguity is 

*»lt hM fr*a,«nUr been ao4«d that amtll lUkea of henatiU In boom 



the failure to distinguish between constituents that 
were looked for but were not detected ("n.d." in the 
tables), and those that were not determined. Other 
such sources of ambiguity are given in the text and 
the footnotes to the tables. In particular, the methods 
used vary so widely that many of these results are 
not strictly comparable. In addition, the methods 
used for both extraction and analysis are frequently 
unstated or stated so inadequately that true evalua- 
tion is impossible. 

In making use of these analyses a general word 
of caution is needed. In addition to the problems 
of selection of methods for extraction and analysis 
detailed in the preceding sections, the importance of 
the nature of the samples used cannot be over- 
emphasized. It is the prime consideration in the 
selection of suitable methods of study, and in eval- 
uating the precision, the accuracy, and most impor- 
tant, the significance of any measurements obtained. 
All of the many analyses of fluid inclusions that have 
been made — the author's included — are subject to 
serious limitations. The chemical manipulations may 
be reasonably straightforward, but the small sample 
size and wide variation in composition of both the 
inclusions and the host mineral make the analyses 
far from routine and impose large analytical uncer- 
tainties. Much more serious, however, are such prob- 
lems as the possible multiplicity or origin of the in- 
clusions extracted and drastic contamination and 
(or) loss during extraction. Such factors have not 
been adequately evaluated in many if not most 
studies. 

ORGANIC GASES AND LIQUIDS" 

QUALITATIVE AND SEMIQUANTITATIVE DATA 

Yellow oils were among the first substances in 
fluid inclusions to attract attention and study. Dolo- 
mieu (1792) reports the occurrence in quartz crys- 
tals, presumably from Modena, Italy, of an inflam- 
mable yellow fluid that had a bituminous odor. Such 
oil inclusions were also reported by Breislak (1818), 
who showed that the simple explanation of fluid 
inclusions being forwarded by the Neptunists of the 
day — they indicated the rocks were formed from 
water — was not necessarily true; the presence of oil 
inclusions in quartz does not necessitate the quartz 
having formed from oil. 

Quartz crystals from vugs in sedimentary rocks 
not infrequently have inclusions of organic matter 
(Reese, 1898; Murray, 1957). The very clear quartz 
crystals from vugs in dolomite in the Herkimer 
area, New York, contain several types. A brittle 

* Tbe term "onr.iilc" it wed b«» In • .trletly noncseUe connotation. 
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black, opaque material called anthraxolite is found 
in the vugs with the crystals; as it is commonly 
found also as inclusions in the quartz and as loose, 
broken fragments in the fluid of the inclusions, it 
must predate the quartz (Pike, 1949; Dunn and 
Fisher, 1954). In addition, however, these crystals 
also show inclusions of a fluorescent yellow oil and 
of colorless supercritical fluids, possibly mixtures 
mainly of methane and ethane (Roedder, 1963b, p. 
202). Some of the latter inclusions homogenize with 
fading: of the meniscus at critical temperatures of 
-5.55" and -7.85 C C (pi. 5, figs. 6, 7). Murray 
(1957) presents a very complete analysis of ap- 
parently similar inclusions from Canada, detailed 
on page JJ44. 

As the solubility of quartz in these various or- 
ganic fluids is probably very low and as primary 
water inclusions do occur as well in these crystals, 
it is presumed that the oil and dense supercritical 
organic fluids occurred as immiscible droplets in the 
water solutions from which the crystals grew. 
Karpinskii (1880), in explaining the trapping of 
liquid CO., showed that alum crystals, grown from 
a water solution containing olive oil droplets, de- 
veloped oil inclusions. 

A bituminous odor on breaking or heating sam- 
ples containing fluid inclusions has often been re- 
ported. Forster (1871) heated 4,500 g of smoky 
quartz from the Tiefen Glacier, Uri, Switzerland. 
He obtained 0.5-0.6 g of a brownish fluid which 
showed ammonium and carbonate upon testing; he 
presumed that a nitrogeneous hydrocarbon in the 
quartz had been decomposed. Wright (1881) ob- 
tained some hydrocarbons and noted a bituminous 
odor on analyzing the gases (presumably from in- 
clusions) in pegmatitic smoky quartz, but he believed 
that this merely gave further credence to the con- 
cept proposed by Forster that the smoky color was 
due to organic matter. Organic matter of several 
kinds has been reported from vugs in various peg- 
matites. Thus Ellsworth (1932) reports several 
types of hydrocarbons (p. 173, 252) and numerous 
occurrences of an organic-rich solid called thucholite 
in the pegmatites of Canada. If such materials were 
to be found as inclusions in pegmatite minerals, 
rather than merely as vug fillings, it would reduce 
the ambiguity as to their origin. 

DATA FROM ORE DFiPOSITS 

Certain ore deposits are not infrequently associ- 
ated with organic matter (Germanov, 1961). Or- 
ganic matter has been found even in minerals from 
high temperature deposits, such as sheelite (Mat- 



veyev, 1947; Beskrovnyy and others, 1967), and 
mercury deposits, in particular, very commonly have 
oily or asphaltic matter with them (Bailey, 1959; 
Fedorchuk, 1963; Krovtsov and Fridman, 1965), as 
do some of the Russian deposits of Iceland spar 
(Skropyshev, 1960; Goldberg and Belyayeva, 1965). 
The organic matter occurs both as inclusions in the 
crystals and interstitially as vug fillings, etc. Bailey 
(1959) presents textural evidence of immiscible 
globules of oil." A similar association is found in 
some of the lead-zinc-fluorite deposits in sedimentary 
rocks, such as those of the Mississippi Valley in the 
United States and of the Pennines in England. Fluo- 
rite from both of these occurrences has abundant 
primary inclusions of yellow oil and a strong bitumi- 
nous odor on crushing (Bastin, 1931 and 1950; Muel- 
ler, 1954c; Roedder, 1968b). The blues and purples 
of English fluorite (bluejohn) were ascribed to 
organic matter by Kraatz-Koschlau and Wohler 
(1899). and Mueller, 1954a) presents evidence ap- 
parently proving that the Derbyshire bluejohn is 
colored by aromatic hydrocarbons, presumably from 
hydrothermal alteration of coal-type substances in 
associated sediments (Mueller, 1954a). Hoering 
and Abelson (1964) showed that saturated hydro- 
carbons of low molecular weight are evolved on 
heating sedimentary organic matter to 180° to 
300"C; this type of process is probably the origin 
of most of the organic compounds reported from in- 
clusions in sedimentary and metamorphic rocks. 
Bocharova (1964) proposes that the veins of asphal- 
tic material cutting the polymetallic Kurultyken de- 
posit are merely a late stage in the hydrothermal 
activity and that they represent organic matter ex- 
tracted from the enclosing rocks by the hot fluids. 

Grogan and Shrode (1952) have done geothermo- 
metry on primary oil inclusions in fluorite from 
southern Illinois. They found that the primary oil 
inclusions have filling temperatures around 100"C, 
whereas the secondary (they propose the term "sub- 
sequent") inclusions of water solution yield tempera- 
tures of 112° to 172^. Freas (1961) obtained simi- 
lar data, but he pointed out that the pressure cor- 
rection for the oil inclusions was unknown. It has 
been suggested that the differences in filling tem- 
perature might be a result of a much higher thermal 
expansion and compressibility for oil than for water, 
and that if the compositions are known, these very 
differences might be used to establish both tempera- 
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ture and pressure (Roedder, 1963b p. 176-177). 
Both Grogan and Shrode (1952) and Freas (1961) 
noted that the oil inclusions have small masses of 
black opaque matter, which they call bitumen; pre- 
sumably this is a natural degradation product of the 
originally homogeneous oil (Roedder, 1962b, p. 40) 
by a "maturation" process such as that proposed by 
Mclver and others (1963). 

The author has observed that the oil inclusions in 
the samples from southern Illinois are under con- 
siderable pressure, as crushing in liquids results in 
an explosive expansion of the gas bubble (and 
vaporization of part of the oil). The small vapor 
bubbles in the brine inclusions in these same samples 
are under moderate pressure, and they expand about 
20 volumes on opening (Roedder, 1970). Roedder, 
Ingram, and Hall (1963, p. 368) and Hall and Fried- 
man (1963, p. 901) report only very minor amounts 
(less than a few micrograms) of noncondensable 
gases in analyses of these samples, but even this 
small amount would be adequate to cause such be- 
havior. The gas bubble from both types of inclusions 
dissolves in kerosene so rapidly that its expansion 
and subsequent disappearance on crushing some- 
times is almost too rapid for the eye to register. 

POPPINC SALT 

Considerable attention has been given to the 
phenomenon of popping salt — salt which seems to 
explode or crackle on dissolving in water. Dumas 
(1830) first described such salt from Wieliczka, Po- 
land, and found that gas was evolved, presumably 
from compressed gas inclusions, upon dissolving the 
salt. Further details on the occurrence are given by 
Rose (1839). This type of salt can cause serious 
mine accidents when large volumes of salt explo- 
sively and spontaneously decrepitate into the mine 
openings. Belchic (1961), Hoy, Foose, and O'Neill 
(1962), and Thoma and Eckart (1964) have de- 
scribed mine "blowouts" from this cause in which as 
much as 7,500 tons of salt suddenly decrepitated. 

The gas responsible for this is commonly thought 
to be carbon dioxide, although Dumas (1830) and 
Rose (1839) found the gas to be inflammable. Bun- 
sen (1851, p. 251) found 84.60 percent CH, in the 
gases from Wieliczka salt. There are probably large 
variations from place to place in the mine. Thus 
some samples of halite collected at Wieliczka person- 
ally by the author, showing gray zones containing an 
estimated 2x10'° minute primary cubic liquid inclu- 
sions per cm' and arranged in rows parallel to (100), 
have no gas pressure at all, as there is not even 
nucleation of a gas bubble on opening the larger (20 
^m) inclusions. 



Hoy, Foose, and O'Neill (1962) found CO s to 
make up 46.9 volume percent of the gas in inclusions 
from the Winnfleld salt dome, and Ackermann, 
Schrader, and Hoffmann (1964) found 84 volume 
percent CO ; in the Werra potash deposit gases (plus 
14 percent N a ). (See "Sedimentary and Metamor- 
phic Samples," p. JJ44.) Correns (1954) was able to 
show that one-phase inclusions in salt, from the Sax- 
ony Weimar mine, Werra potash deposits, develop a 
bubble on cooling to +11°C; he interprets this to in- 
dicate a dense C0 2 liquid, but these data alone do not 
preclude a dense organic fluid composition. 

There have been other explanations. Schmidt 
(1960) found no (free) C0 2 on chemical analysis 
of potash ores, but he proposes that the CO : explo- 
sions in these deposits arise from the instability of 
solid magnesium chlorocarbonate (MgCl s *MgCOj« 
7H s O). His identification of this compound in one 
sample high in magnesium is based on electron mi- 
croscopy. Kegel (1958) proposes that the C0 2 in 
sylvite which causes explosions occupies structural 
faults in the KC1 lattice, as he believes that such 
large amounts of CO» could not be present as inclu- 
sions. Roedder (1963b, p. 183) has shown, however, 
that at least 0.44 weight percent of inclusions (in 
this case brines) can be present in bedded salts. 

The author has examined the inclusions in pop- 
ping salt from several additional localities and finds 
that there are gross differences between them. Thus 
salt core from the Tuzandeptl salt dome (Jurassic 
age) in Vera Cruz, Mexico, obtained through the 
courtesy of Dr. Donald R. Richner of the Diamond 
Alkali Company showed highly compressed gas in- 
clusions with a strong petroleum odor. The gas 
evolved was evidently a mixture, as about half is 
readily soluable in kerosene and the other half is 
readily soluble in water. Thus, this gas is presumed 
to be an easily liquefiable mixture of organic com- 
pounds, such as ethane, and carbon dioxide. On dis- 
solving the salt in water, each inclusion gave off 
not only gas bubbles with a volume approximately 
250 times that of the inclusion, but it also formed a 
small amount of a liquid, immiscible in water. As 
this liquid was soluble in kerosene and had an index 
of refraction well above water, it probably consists 
of petroleum-type compounds. Popping salt from the 
folded salt beds near basalt dikes and sills at Werra, 
East Germany (obtained through the courtesy of 
Dr. Herbert Reh, of Jena), gave off 15 cm' of an 
odorless, noninflammable gas, believed to be mainly 
C0 2 , when 700 grams was dissolved in water. (See 
also Strepetov, 1968.) 

In addition to gas inclusions, natural rock salt not 
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infrequently contains inclusions of dark bituminous 
material (Naumann, 1911) or of yellow-brown oils. 

HYDROCF.N SULFIDE AND SIMILAR ODORS 

Hydrogen sulfide is occasionally reported from 
fluid inclusions and is generally attributed to organic 
sources. The odor of fetid limestones or "stinkkalk" 
is usually assumed to come from H^S in fluid inclu- 
sions (Palache and others, 1951, p. 153). Lamar 
and Shrode (1963) found about 0.002 weight percent 
(up to a maximum of 0.012 percent) of H»S evolved 
on treating limestones with HC1, and Harrington 
(1905) found 0.016 weight percent S as H-S to be 
present as inclusions in coarse marbles of the Gren- 
ville series ; it was released by solution in acid. 

Not all fetid odors in rocks and minerals can be 
assigned to H : S. Lucas (1952) studied three such 
limestones and presented evidence that their odor 
was due to a water soluble ammoniacal salt of a 
volatile acid, containing phosphorus but no sulfur. 
Hess and Barnabas (1938) describe a large mass 
of fetid microcline (which they call necrolite) in a 
tantalum- and tin-bearing pegmatite. They indicate 
that the vile odor presumably comes from the very 
numerous liquid inclusions, and the odor has been at- 
tributed to a phosphorus compound. An analysis of 
the microcline shows 0.66 weight percent P a 0 5 and 
only traces (if any) of CI and CO s , but no analysis 
was made for H,S. 

Hayden (1819) described what he thought was a 
new mineral from near Baltimore, Md„ tentatively 
called "necronite," which emits a "horrid" smell on 
breaking. It may be feldspar. Mawson (1906) de- 
scribes a similar "necronite" feldspar from Aus- 
tralia, later shown by Mawson and Dallwitz (1945, 
p. 25 and 34) to be from an albite leucogranite con- 
taining large crystals of sphene, that contains large 
numbers of small liquid inclusions yielding a very 
strong fetid odor on crushing. By crushing under an 
ammoniacal solution containing lead acetate, Maw- 
son showed that H a S, if present, must be very low in 
concentration. Mawson and Dallwitz (1945) men- 
tion that the odor suggests a combination of H-S and 
CSj. Both CSi and carbon oxysulfide (COS) were 
found by mass spectrometry in the gases evolved 
from some quartz crystals (Chaigneau, 1967b). John 
S. Dickey, Jr., reports that a pyroxenite nodule from 
the Kakanui volcanic breccia in New Zealand emits 
an odor similar to CS 2 on crushing, but crushing 
under solvents for CSj, followed by sensitive tests 
for CSj, gave negative results (written commun., 
1966). The author agrees that the odor is indeed 
very similar to CS; and plans to crush some in a 



mass spectrometer for verification. Eck and others 
(1966) report calculations showing rather surpris- 
ing concentrations of both CS, and COS at equilib- 
rium in the system C-H-0 with 0.0001 percent added 

S. 

Qualitative studies of organic gases from inclu- 
sions in igneous and metamorphic rocks have been 
made (table 8), but as there are many actual anal- 
yses, some of which are given below, only one quali- 
tative study will be mentioned here. Heinrich and 
Anderson (1965) used a time-of -flight mass spectro- 
meter to identify the major constituents in the gases 
evolved from a crushed but unheated sample of a 
carbonatite having a disagreeable odor. They found 
Cn and C a hydrocarbons (fluorinated?), plus lesser 
amounts of F = , HF. F s O, and possibly a small amount 
of HC1. 

QUANTITATIVE DATA 

The only extensive quantitative data on organic 
materials in inclusions are on the gases emitted from 
inclusions on opening. The first part of table 2 lists 
representative analyses of gases from sedimentary 
and igneous rocks that are high in "organic" consti- 
tuents such as CH„ C 2 H a , and CO." 

SEDIMENTARY AND METAMORPHIC SAMPLES 

Nesmelova (table 2, analyses 1 and 2), in her 
study of the gases in bedded potassium salts, found 
that their composition varied from bed to bed. She 
distinguishes between free gases in the rock and 
inclusion gases; the former she believes can be re- 
lated to biochemical processes in the interstratified 
clay beds. Borshchevskii (1964) suggests that radio- 
active decay of K 4 ° has caused not only the oxidation 
of ferrous iron to yield the red color of carnallite 
and sylvite, but also has decomposed bitumens to 
from the methane and hydrogen in the gas inclusions. 

Hoy, Foose. and O'Neill (table 2, analysis 3) 
found that the gases evolved on fusing a "popping 
salt" in sealed tubes were mainly COn, but appre- 
ciable amounts of organic constituents were also 
found. Ackermann, Schrader, and Hoffman (1964) 
also analyzed popping salt, from another locality, 
using gas chromatography. Their analyses show an 
essentially pure COi-N. mixture; their average 
values are entered in table 2 (analysis 4). 

An essentially pure organic gas was found by 
Murray (table 2, analysis 4a) on opening colorless 
hydrocarbon inclusions (liquid plus gas) occurring 
in quartz crystals from solution vugs from the gas- 
productive interval in a well producing natural gas 
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and condensate. The inclusions homogenized in the gas 
phase at 100° ±5°C and are believed to be primary. 
Although the quartz presumably grew from water 
solution (Fuchtbauer, 1961, reports that the waters 
expelled from oil reservoirs frequently deposit 
quartz crystals) . no water was found in these inclu- 
sions, even though sensitive mass spectrometric gas 
analysis procedures were used and 17 other consti- 
tuents were determined quantitatively. This may be 
another case of inclusions trapping only the dis- 
persed phase in a two-liquid system. 

It is well known that some methane forms at 
equilibrium by the interaction of C0 2 and H 2 from 
HjO, in completely inorganic systems (French, 
1965). Also, methane and higher hydrocarbons are 
major constituents among the products of low tem- 
perature heating of sediments (Hoering and Abel- 
son, 1964), and they form from biochemical proc- 
esses in sediments (Ivanov, 1960). Thus, as would 
be expected, many of the partial analyses of in- 
clusion gases reported in the literature, from many 
types of samples, include appreciable amounts of 
methane. Chamberlin (1908, analysis 83, p. 19) re- 
ports 6.4 volume percent of methane in the small 
amount of gases other than water that he obtained, 
2.9 ml/ 100 g, on heating clear quartz crystals from 
a metamorphic terrain. He also obtained small 
amounts of methane by crushing cavernous quartz 
crystals from Porretta, Italy, in a vacuum (Cham- 
berlin, 1908, p. 41). 

IGNEOUS SAMPLES 

A large number of analyses, particularly by Cham- 
berlin (1908), have been made of the gases evolved 
on heating igneous rocks and on ball milling igneous 
rocks. (See table 2.) The available data indicate 
that the gases evolved on heating rocks can come 
from a variety of sources in addition to inclusions 
and may be grossly modified by reactions with each 
other and with the sample. (See Wahler, 1956, and the 
previous discussion.) Barker (1965a; table 2, anal- 
yses 23a, b, and c) obtained two very different com- 
positions of gas from granitic orthoclase by varying 
the heating temperature and got very large amounts 
of H 2 and H2O from biotite (analysis 23c). In this 
connection it is interesting to compare these anal- 
yses with "gas inclusions" from pumice vesicles 
(Finko, 1964; table 2, analysis 23d), which are one- 
third hydrogen. Nasedkin (1963) reports a series 
of similar analyses, but Chaigneau and Bordet 
(1962) report approximately one-third CO, and 
about 5 volume percent S0 2 . 

By far the largest number of analyses of organic- 



rich gases obtained by ball milling are of alkalic rocks 
of the several massifs of the Kola Peninsula, U.S.S.R. 
Most of these are given in a series of papers by 
the Petersil'e (1958a, 1958b, 1959, 1960, 1961, 1962, 
and 1963; also Petersil'e and Proskuryakova, 1961), 
by Kravtsov and others (1967), by Galimov and 
Petersil'e (1967), and by Ikorskii (1962, 1964, 1965, 
1966a, 1966b, 1967a, 1967b, and 1968). These gases 
are distinctive in that most combustible gases found 
in igneous rocks are high in hydrogen, but these 
are high in methane (or COj and methane), have 
very appreciable concentrations of the higher hydro- 
carbons C 2 H«, C a H R , and C,H, 0 (see table 2, analyses 
11 and 17), and have only a small but variable hy- 
drogen content (Kravtsov and others, 1967). Thus 
they are very similar to the gases from many ordi- 
nary natural gas fields. In addition to those obtained 
by vacuum ball milling, similar gases, presumably 
air contaminated, have been obtained from bore- 
holes in the complex (Petersil'e 1959) and are dis- 
charged continuously to the atmosphere (Petersil'e, 
1961; Kravtsov and others, 1967). The oil fraction 
in cold chloroform extracts from these rocks con- 
sists of pure paraff inic hydrocarbons, and a variety 
of bituminous compounds, containing nitrogen, oxy- 
gen, and sulfur, have been found in small but signifi- 
cant amounts (0.002 weight percent) (Petersil'e, 
1959, 1962, 1963 ; Zezin and Sokolova, 1967) . The as- 
sociated mafic and ultramafic intrusive rocks in the 
area show in general very low gas contents, without 
heavy hydrocarbons (table 2, analyses 12 and 15). 
It is possible that some of the samples showing high 
CO ; , such as analyses 6 and 7 (table 2), might have 
had some carbonate with them which can release 
spurious C0 2 on ball milling (Goguel, 1963) (see p. 
JJ34), but the organic constituents are probably 
present as actual inclusions. Although most of these 
analyses are given on a nitrogen-free basis orig- 
inally, large quantities of nitrogen were apparently 
found, but according to Goguel (1963), they rep- 
resent contamination. 

According to Elinson (1959), the numerous rocks 
analyzed show rather large variations in both the 
amount and composition of the evolved gases. Peter- 
sil'e (1962) says Elinson's statements are based on 
inadequately checked data and that she is wrong, 
and he claims that more than 500 analyses show that 
the gas composition is "nearly constant" from rock 
to rock and that it differs little from that of oil field 
gases. The analyses given by Petersil'e himself 
(1959 and 1963; analyses 5-17, table 2), as well as 
those of Ikorskii (1962, 1968; analysis 18, table 
2), show very great variations. 
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The amount of gas has little real significance; it 
merely reflects the abundance and size of the inclu- 
sions. Tikhonenkov (1963) presents photomicro- 
graphs of eucolite from pegmatites related to the 
sphene foyaites (nepheline syenites) of the Khi- 
binsk massif that show approximately 3xl0 10 gas 
inclusions per cm 9 , and he indicates that these must 
have formed prior to the formation of late albite 
and sphene, on the basis that a halo of inclusion- 
free (recrystallized?) eucolite surrounds these late 
minerals. Zakrzhevskaya (1964) finds that many 
of the inclusions in nepheline are of several genera- 
tions, possibly due to repeated crushing of the rocks, 
and are present in adequate volume and frequency to 
yield the gases found on vacuum ball milling. There 
is however, a gross and inexplicable difference in the 
hydrogen contents reported in this work for a nephe- 
line-bearing rock and the nepheline separated from 
it 

Microscopy of these samples is apparently diffi- 
cult. Both Ikorskii (1962) and Zakrzhevskaya 
(1964) report the presence of both glass and gas 
inclusions in these rocks; Ikorskii observed no 
change in the gas inclusions on cooling to — 10°C. 
Ikorskii and Romanikhin (1964) and Ikorskii 
(1965, 1968) present evidence that most of the gas 
inclusions are primary, having formed early, during 
the crystallization of the nepheline. Dudkin (1964, 
p. 84) states that liquid-gas inclusions occur in high- 
est concentrations in the borders of the nepheline 
grains in the Khibinsk pluton; this implies a late- 
stage, primary origin. 

Petersil'e states (1960. 1961) that the combustible 
gases of these alkalic intrusives do not occur in the 
effusive, sedimentary and older metamorphic rocks 
surrounding them and that the geologic position of 
the massif excludes migration from any sedimentary 
formation. He believes the gases are of inorganic 
origin and that the heavier hydrocarbons and the 
aliphatic ester type of bitumens are a result of a 
catalytic polymerization, even though the bitumens, 
in particular, are very similar to those found in 
sedimentary rocks of oil-producing areas. In part, 
this concept of polymerization is based on a depen- 
dence of the bitumen content on the concentrations 
of hydrocarbon gases in these rocks. Gol'dberg and 
Chernikov (1968) believe, however, that these bitu- 
mens are from surrounding sedimentary rocks and 
that they have been separated chromatographically 
during their migration. In his 1963 paper, Petersil'e 
indicates that at least some of the complex aromatic 
hydrocarbons (see also Florovskaya and others, 
1966, and Zezin and Sokolova, 1967) and esters of 



carboxylic acids are formed by an inorganic mechan- 
ism. It should be noted that hydrocarbon gas inclu- 
sions have also been found in minerals of the similar 
nepheline syenite complex at Ilimaussaq in Green- 
land (Prof. H. Sdrensen, oral commun., 1968 ; Sobolev 
and others, 1970; Galimov and Petersil'e 1967; 
Petersil'e and Sorensen, 1970). 

At present there does not seem to be any explana- 
tion for the gross differences in gas composition be- 
tween the various rock types. Even if one accepts 
Petersil'e's proposal that aluminum of the rocks 
acted as a catalyst to permit reaction of hydrogen 
with carbon (Petersil'e, 1959) there are major dif- 
ferences in the elemental composition of the gases 
that are left unexplained. One of the most divergent 
analyses (table 2, analyses 11) is from an otherwise 
very unusual rock containing appreciable amounts 
of villiaumite (NaF) and a rather high chlorine 
content (0.2 weight percent (Kogarko, 1961)). A 
theory proposed by Borshchevskii (1964) to explain 
the methane, hydrogen, and other gases as inclusions 
in potassium salts, as a result of radioactive decay 
of K<* causing decomposition of bitumens, might 
also be applied to some of the Kola rocks. 

Kudriavtsev (1958) made solvent extractions of 
powdered lavas, including even obsidians. He ob- 
tained tens to hundreds of part per million of bitu- 
men, containing a variety of compounds, which he 
believes are of magmatic origin. Kropotkin and 
others (1966), using a vacuum crushing technique, 
found similar amounts of hydrocarbon gases, and 
oily bitumens, in cores from deep in the Precam- 
brian crystalline basement rocks of the Tuymazy 
uplift. (See also Kuprin and Ovchinnikova, 1968.) 
Petersil'e and others (1967) also extracted bitumens 
from tektites. Slivko and Pavlishin (1967) report 
the presence of up to 3.9 percent organic matter in 
late opal from the Volynian pegmatites, which they 
believe is probably endogenic. Mogarovsky and Mar- 
kov (1966) report 60-180 ppm of bitumen in a num- 
ber of hydrothermal fluorite ores from Tadjikistan, 
and Mogarovsky and others (1966) report bitumens 
in various granitic rocks, which they attribute to 
hydrothermal processes that also produced fluorite 
deposits. Vdovykin (1963) also found 79 ppm of 
bitumens, which he believes to be of inorganic origin, 
in the Kokpekta serpentinite massif. Konyukhov and 
Florovskaya (1963) defend the position that hydro- 
carbons and bitumens are formed in the crystalliz- 
ing magma by inorganic reactions (see also Voronoi, 
1967), but others believe that both the gases and the 
bitumens are derived from assimilated sediments. 
(See also Hoering, 1965, and a series of papers 
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edited by Dolenko, 1967). Studies by Ponnampe- 
ruma and Pering (1966) show that alkanes isolated 
from bitumens associated with certain hydrothermal 
environments exhibit gas chromatographic distribu- 
tions that resemble synthetic, inorganic (electrical 
discharge) hydrocarbons more than they do bio- 
genic, sediment alkanes. However, later studies con- 
cerning the carbon isotope ratio and optical activity 
of these same alkanes indicate that they are other- 
wise similar to their biologically derived counter- 
parts (Katherine Pering, oral commun., 1968). 

Comparatively few other analyses of the gases 
from inclusions show appreciable quantities of or- 
ganic constituents, although odorous traces are com- 
mon (for example, Wright, 1881). Chamberlin 
(1908) analyzed the gases evolved on heating one 
rock from the alkalic complex in Ontario, Canada. In 
this nepheline syenite he found major CO;, and H t , 
with <10 volume percent each of CO, CH,, and N 2 
(table 2, analysis 18a). Elinson and Polykovskii 
(1961b) found organic constituents in the gases 
from a number of pegmatite minerals, taken to 
present a sequence in terms of declining temperature 
of formation. Three of their analyses are presented 
in table 2 (analyses 21, 22, and 23). They believe 
that the methane present in the late smoky quartz 
was formed by reaction of C0 2 with H 2 during cool- 
ing. The large quantities of nitrogen found are 
presumably contamination, according to Goguel 
(1963). Sheshulin (1961) found amounts of H 2 and 
CH| comparable to the amounts in the Kola rocks in 
spodumene crystals from pegmatites cutting bitu- 
minous limestones (table 2, analysis 42), but the 
large amounts of water present make the quantities 
of H 2 and CH ( seem small. 

Some diamond pipes are known to give off com- 
bustible gases; Vasil'ev, Koval'skii, and Cherskii 
(1961) give an analysis of such a gas (table 2, anal- 
ysis 19) that had to be burnt off in large flares dur- 
ing the drilling, and Raguin (1961, p. 468) mentions 
encountering a combustible gas at 330 meters in a 
South African diamond pipe, but he gives no anal- 
ysis. C 12 / 1 * isotope ratios should be made on such 
gases, to compare with those from diamonds and 
possibly associated carbonaceous sediments. Beskro- 
vnyy (1958) reports nongaseous organic matter 
from petroleum to asphaltic bitumens in Siberian 
kimberlite pipes. Beskrovnyy and Baranova (1963) 
also report the presence of petroleum-type bitumens 
in pegmatites and carbonatites. 

Inflammable gases have also been reported from 
dunites. Zavaritskii and Betekhtin (1937) report a 
hydrogen-rich gas from a Uralian dunitc (table 2, 



analysis 20) and Kuznetsov, Ivanov, and Lyalikova 
(1963, p. 20) mention a gas with 33.8 volume per- 
cent of hydrogen "in the serpentinites of Romania," 
but they give no other information, 

ESSENTIALLY NONORGANIC CASES 

Most of the analyses of gases from igneous rocks 
and pegmatites show mainly inorganic gases, with 
only relatively small amounts of organic consti- 
tuents. There are several possible sources for such 
gases. In addition to gases from inclusions and from 
various reactions of the inclusion contents, there 
may be gases in structural holes, in discontinuities 
within crystals, adsorbed on grain boundaries, or 
even dissolved in the minerals. Many of the studies 
reported in the tables merely give analyses of the 
gases obtained by some method and do not attempt 
to characterize them as to origin. 

ICNEOlS ROCKS AND PEGMATITES 

A series of such analyses, mainly from granitic 
rocks, is presented in table 2 (analyses 24-61). 
Goguel (1963) analyzed 43 different samples by his 
vacuum ball-milling method, of which ten are listed 
in table 2 (analyses 24-33). Analysis 32, of optically 
clear quartz, is in effect a blank run ; note that most 
of the samples yielded over 10 s times as much gas as 
this blank. The great preponderance of water is sur- 
prising — even the olivine nodule (analysis 33) shows 
300 times more water than C0 2 , yet microscopy of 
similar nodules from this locality indicated small 
amounts of visible liquid C0 2 inclusions (Roedder, 
1966d) and no evidence of water in any visible form. 
The biotite separated from a granite (analysis 27) 
shows more gas than the quartz, orthoclase, or 
plagioclase from the same rock; it is not known 
how much structural water may be evolved from 
biotite during vacuum ball milling. Goguel has ex- 
amined several possible sources for the hydrogen 
and feels that it may be actually dissolved in the 
biotite. Fluid inclusions in mica are mentioned 
briefly by Sorby (1858, p. 487) and were studied by 
Karskii and Zorin (1968), but they seem to be very 
rare. Preisinger and Huber (1964; see also Arming 
and Preisinger, 1968) reported mass spectrometric 
determinations of the gas evolved on heating very 
tiny fragments; they showed gross differences in 
the gas content of the core and rim of a feldspar 
grain and indicate that this method presents us with 
a powerful tool for inclusion study. 

Some determinations of the gases in inclusions in 
pegmatite minerals have been made (table 2, analyses 
28, 29, 31, and 36^19). M. M. Elinson and V. S. Poly- 
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kovskii analyzed a series of samples by vacuum ball 
milling, using steel balls, which presumably yielded 
most of the nitrogen, according to Goguel (1963). 
However, other analyses made with a steel ball mill 
and presumably with steel balls (Umova and others, 
1957, 1960) show low to zero nitrogen contents. Very 
appreciable amounts of argon were found (1-8 vol- 
ume percent; see footnotes to table 2) in addition to 
the nitrogen, and it seems doubtful that this could 
come from the steel grinding balls. Elinson and 
Polykovskii believe that these gases are from gas 
inclusions, and they present their analyses on a 
water-free basis. They place genetic significance on 
the differences in the amount of gas between the 
early and late generations of citrine and conclude on 
this basis that the early citrine was pneumatolytic and 
the late, hydrothermal. No explanation is given for 
the considerable variation in CH< and H 2 . 

Sheshulin (table 2, analysis 42) noted that the 
small amounts of methane and heavy hydrocarbons 
he reported from a pegmatite cutting organic-rich 
marbles were generally absent in similar pegmatites 
cutting amphibolites. Kovalishin (analyses 49a, b, 
and c) reported an increase in methane content to- 
ward the center of the quartz core of a Volynian 
pegmatite. 

Zhdanov (1959) obtained hydrogen by heating 
quartz above 500°C. He felt that it came from the 
dissociation of surface OH -1 groups, but Kats 
(1962) showed that from 10" to 10'» H+» ions per 
cm* are present in the structure of natural quartz, 
compensating for substitutional A1+*. A clear Brazil- 
ian quartz contained 5X10'« hydrogens, which cal- 
culates to 0.003 weight percent H, or 34 ml/100 g. 
Although this is one or two orders of magnitude 
more than was found in any of the analyses of 
quartz listed in table 2, it would not be expected to 
come out of the structure easily (Brunner and 
others, 1961). Griggs and others (1966 and written 
commun., 1966) have shown that an experimentally 
deformed synthetic quartz crystal having about 10" 
hydrogens per cm* formed discrete inclusions (0.2 
jon maximum) when annealed at 300° to 500 °C. 

Wahler (table 2, analyses 43 and 44) analyzed the 
gases from the decrepitation of rather large inclu- 
sions at about 600°C in a vacuum. Although the 
other pegmatite analyses presented (analyses 45-49, 
all made by vacuum heating) show a rather sur- 
prising consistency, at compositions that are not un- 
realistic in terms of the normal phases found in 
such inclusions, the consistency is probably coinci- 
dental, as the author has observed individual sam- 
ples in such pegmatite minerals with fluid inclusions 



compositions differing very markedly from these 
(for example, all water, or all C0 5 ). 

Strutt (1908) extracted rather large quantities of 
helium from Greenland fluorite (27 cm'/ 1,000 g), 
and he discovered that beryl evolved large quantities 
of helium (up to 1.68 cm*/100 g), as well as argon, 
on heating to red heat in a vacuum. He obtained only 
0.9 mm* of helium from 1,187 g of galena from Nent- 
head, Cumberland, England (p. 588, his table III). 
Aldrich and Nier (1948) found a wide variation in 
the "excess" He and Ar contents of beryl samples 
(excess over that to be expected from the decom- 
position of the uranium and potassium present) ; 
presumably these gases occur in the large holes in 
the beryl crystal structure. Hart and Dodd (1962) 
and Hart (1966) found excess radiogenic argon in 
pyroxenes and ultramafic rocks, and Smith and 
Schreyer (1962) report that in cordierite, argon 
occurs in the large holes and water (or OH -1 ) in the 
smaller ones. 

It may be difficult to separate gases evolved from 
such structural sites from those from inclusions. 
Probably much but not all of the helium and argon 
found in beryl by Damon and Kulp (table 2, analyses 
46-49) was present in the holes in the structure, but 
as they heated their samples to temperature of 800° 
to 1000°C, and even 1400"C, both decrepitation from 
inclusions and diffusion out of the structural holes 
may have contributed. The same is true for water 
from beryl and cordierite (Suguira, 1959). Floren- 
sky (1956) reports that considerable quantities of 
argon can be present in the waters emitted during 
metamorphism. Rama, Hart, and Roedder (1965) 
found very large amounts of excess argon in pure 
white quartz veins from a metamorphic terrain, ap- 
parently present in the numerous fluid inclusions. 
I^aughlin (1966, 1967) reports excess argon in peg- 
matite minerals, yielding high apparent K.'Ar age 
determinations. Funkhouser, Naughton, and Barnes 
(1965), Naughton, Funkhouser, and Barnes (1966), 
and Funkhouser and Naughton (1968) report simi- 
lar findings for ultramafic nodules from basalts; 
both groups of studies may indicate that excess 
argon is present in fluid inclusions. 

HYDROGEN SULFIDE 

The H 2 S values given by Damon and Kulp (table 
2, analyses 46-49) are among the very few quanti- 
tative determinations made for this gas. Maslova 
(1961) presents a series of 15 analyses of gas bub- 
bles from large inclusions in quartz from Volynia, 
in which the minimum H-S content is 10.1 volume 
percent and the maximum is 94.5 volume percent; 
CCK made up most of the balance. The methods used 
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involved absorption of CO? in a glycerol solution of 
KOH and of H 2 S in a glycerol solution of cadmium 
acetate. As the gas samples were handled under 
anhydrous glycerol, the analyses are on a water- 
free basis. Paradoxically, she found no HS" 1 , H 2 S, 
or C0 2 on ultramicrochemical analysis of the asso- 
ciated liquid phase." Kovalishin (1962) reports con- 
siderable H S S in quartz from some of these same 
pegmatites, and Ermakov (1965b, p. 157 in original) 
mentions that these quartz samples emit a stench on 
being crushed. 

Mahon (1962a, 1962b) presents analyses of car- 
bon dioxide and H 2 S in the steam from Wairakei 
and Kawerau, New Zealand. He finds C0 2 /H 2 S ratios 
of 15 and 56, with about 10 to 50 ppm of H 2 S in the 
total gas. The C0 2 from inclusions in most samples 
must contain far less H S S than this, as H 2 S is de- 
tected only rarely. Goguel (1963) found very small 
amounts of H 2 S (up to a maximum of 0.7 mmVg) 
on ball milling several mica samples in vacuum, but 
this figure was about at his limit of detection. 

ORE DEPOSITS 

Very few reasonably complete quantitative anal- 
yses have been made of the gases in inclusions in 
samples from ore deposits (table 2, analyses 50-63) 
although qualitative observations show C0 2 gas (and 
even C0 2 liquid — see tables 1 and 3) to be present 
in many deposits. Garrels and Richter (1955) have 
even considered the possibility that C0 2 is an ore- 
forming fluid. Umova, Glebov, and Shibanov (table 
2, analyses 50-54) ground quartz in a steel ball mill 
with unspecified grinding media. They report gen- 
erally low nitrogen values in the gases obtained, but 
one analysis (53) shows 41 percent N a . The chlorine 
reported was determined turbidimetrically after ab- 
sorption in an alkaline solution. They state that the 
CO found in many analyses, including their own 
(for example, analysis 53), may be fallacious, due 
to the ammoniacal CuCl solutions used; when 
another copper absorbent ("persulfuric copper") 
was used, they found no CO. Chukhrov (table 2, 
analysis 55-57) lists the composition of the gases 
evolved, presumably on heating, from various types 
of vein quartz from the Kounrad molybdenum and 
tungsten ore deposits. From numerous analyses, he 
concludes, among other things, that the gases are 
higher in hydrogen in the ore zones. Kravtsov and 
Fridman (1965) report that CO s gas is sufficiently 
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abundant in the Baley gold deposits (presumably as 
inclusions) to be useful as a prospecting tool. (See 
also Boyer and others (1967).) They also report the 
occurrence of CO s and hydrocarbons in the Kras- 
nodar mercury deposits, as "hypogene" gas sealed 
in pores, with the highest concentrations (144 cm*/ 
kg) in the richest ore. Liquid CO? has been found in 
inclusions in some mercury mines (Roedder, 1963b, 
p. 188; see also pi. 5, fig. 1). 

Assadi and Chaigneau (1962) and Chaigneau and 
Assadi (1963) heated 5-g pieces of uranium-bearing 
fluorite ("antozonite"), and of uranium-free fluo- 
rite, to 1,000'C in a low vacuum (10~» mm). There 
was considerable variation in the analyses of each 
type (table 2, analyses 58-59 and 60-61), but the 
only apparent difference that they could relate to the 
uranium content seemed to be in the SiF 4 content. 
The uraniferous samples in general had consider- 
ably higher SiF, content (and higher HC1), but 
neither was proportional to the uranium content. 
Greenwood (1964) believes that the odor emitted 
upon grinding certain fluorites is from the reaction 
of fluorine atoms (freed by radioactivity) with the 
water of inclusions to form ozone and hydrofluoric 
acid. Qualitative verification of this has been found 
by mass spectrometry (Heinrich and Anderson, 
1965). 

Chaigneau and Marinelli (1964) analyzed the 
gases evolved on heating a variety of minerals from 
a magnetite deposit. (See analyses 62 and 63, table 
2.) They report considerable SO = , CO, and H 2 . 
Barker (1965b) compared the analyses of gases 
evolved on heating samples of fluorite in a vacuum 
with those evolved on crushing in a vacuum. (See 
analyses 64 through 69, table 2.) He found major 
differences which are attributable to a variety of 
gas reactions during the heating. (See page JJ35.) 

SOLIDS 

The solids present in fluid inclusions generally 
lend themselves only to qualitative studies, that is, 
identification of the phases themselves, and rather 
crude measures of the volume percent of each (see p. 
JJ19 and JJ28). Many of the identifications are sub- 
ject to some ambiguity, but generally they have been 
substantiated by other studies of similar samples. 
In table 1 are tabulated most of the more certain 
identifications of daughter minerals recorded in the 
literature, as well as other such qualitative phase 
identifications. Many of these identifications were 
made by unstated methods, and some have been 
questioned by their own authors. For convenience, 
information on inclusion thermometry is also in the 
table. An attempt was made to eliminate from this 
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table all references to solid inclusions, trapped dur- 
ing the growth of the host mineral. This distinction 
is not always made in the sources stated, but for 
qualitative considerations it is not too important. It 
is apparent that the fluids trapped in inclusions in 
a given host mineral A, crystallizing simultaneously 
with mineral B and hence containing solid inclusions 
of B, will also be saturated with respect to B, and 
hence may well be expected to form daughter crys- 
tals of B. The host mineral must always be consid- 
ered an additional "daughter mineral" as well, as 
some crystallization of it usually occurs on the inclu- 
sion walls upon cooling. 

LIQUIDS 

There are many qualitative determinations of the 
phases present in fluid inclusions. Table 1 lists those 
reports in which phases other than simple aqueous 
liquid, with or without gas, have been identified. The 
occurrence of daughter crystals of NaCl, and of 
liquid CO;, is so common that there are probably 
many incidental references to them that are not in- 
cluded in table 1. 

A summary tabulation of all actual analyses of 
aqueous fluid inclusions, both quantitative and semi- 
quantitative, is given in table 3. A number of quali- 
tative analyses have been made by a variety of 
methods. These are listed in table 8, along with some 
miscellaneous semiquantitative and quantitative but 
partial chemical analyses. Representative analyses 
of liquid inclusions from a number of the reports 
listed in table 3 are given in tables 4, 5, and 6. In- 
dividual reports of analyses have been presented in 
many different forms, making comparison difficult. 
There are, however, three general types of analyses : 
ratio analyses, in which only the ratios of several 
constituent ions are stated and not their absolute 
amounts (table 4) ; leach analyses, in which the in- 
clusions from a given weight of sample are extracted 
and the ions present are analyzed, but the amount 
of water, and hence the concentrations, is unknown 
or can be only crudely estimated (table 5) ; and 
complete quantitative analyses, in which both the 
amounts of water, and of ions, are determined, per- 
mitting a statement of analysis in the form of the 
actual composition of the inclusion fluid (table 6). 
Many of the Russian analyses are presented in the 
original papers in terms of a somewhat subjective 
list of "most probable salts," sometimes under the 
stated assumption that these "molecules" are act- 
ually present in solution. Only the conventional 
atomic-ionic statement of analyses is used here. 



RATIO ANALYSES 

Zakharchenko (1950) presented one of the early 
quantitative analyses of fluids from inclusion-rich 
pegmatitic quartz ("5-6 percent inclusions"), but 
the amount of salts found, which may be calculated 
as less than 3 percent, by weight, of the inclusion 
liquid, does not agree with the optical evidence he 
presents of saturated solutions with actual daughter 
crystals of NaCl and KC1. Vul'chin (1953) presents 
38 analyses of inclusions in quartz from a variety of 
occurrences; an average of six of these from one 
occurrence, all very similar, is listed (analysis 1, 
table 4). The analyses were made by a combination 
of spectrographic and colorimetric methods. The 
concentrations were estimated to be in the range 
of 30 to 35 weight percent, presumably on the basis 
of the apparent volume percent of inclusions and the 
analyses for salts. Cu, Zn, Pb, and Ag were detected, 
in HCl extracts of the crushed samples. Sharkov 
(table 4, analysis 2) studied inclusions in four sam- 
ples of quartz from rock crystal deposits. Some of 
the inclusions in these samples show as much as 25 
volume percent solid daughter minerals, NaCl being 
rather common. The leaches were made with an un- 
specified dilution factor and showed, on analysis, 
about 200 ppm of total salts in the leachate, with 
weight ratios as given in analysis 2, table 4, but 
Sharkov (1958, p. 79 in original) concludes that 
"* * * the liquid inclusions contain relatively dilute 
alkaline aqueous solutions. They carry insignificant 
quantities of mineral substances, chiefly chlorides 
* • • ." Although analysis 2 in table 4 shows sodium 
greater than potassium, the other three analyses 
reported by Sharkov show the more unusual rela- 
tionship of potassium greater than sodium, with 
K/Na weight ratios of 1.67, 1.13, and 2.56. 

Ushakovskii (1966) found considerably different 
fluids in quartz from various rock crystal deposits 
of the Southern Urals. He presents results from 19 
samples as two analyses — from crystal-bearing veins 
and from noncrystal-bearing veins (table 4, analyses 
4a and 4b). The major differences between the two 
are in the amounts of Ca and HCO Jt which are rela- 
tively low in the analysis of the crystal-bearing 
veins. 

Kramer (1965) and Holser (1963) both present 
analyses of inclusions from sedimentary halite beds 
(table 4, analyses 5-17). Kramer's analyses for 
fluorine show a very low F CI ratio, but these inclu- 
sions are very strong brines with much Ca +i . Roed- 
der (1963b, p. 183) reports first melting tempera- 
tures as low as -72" C and freezing temperatures as 
low as -54 C for similar inclusions in salt from 
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Goderich, Ontario, indicating the presence of major 
amounts of calcium salts. In the presence of such 
high calcium, fluorine would be precipitated out 
rather completely, in spite of the high concentrations 
of other salts. The S0 4 /C1 ratios are unexpectedly 
high in view of the high calcium contents, although 
the solubility of gypsum in chloride brines is in- 
creased fourfold by the addition of approximately 2 
moles NaCl and 0.2 mole MgCl 3 /l (Ostroff and Met- 
ier, 1966). 

Because very little Br is precipitated during the 
early stages of normal evaporation of sea water, 
Holser (1963) used the Br/CI ratio to indicate the 
degree of evaporation from the original sea water 
(given as analysis 17 in table 4 for comparison) 
for a series of salt samples. He presents one anal- 
ysis of salt from Goderich (analysis 13) in which 
the calcium and magnesium may be compared with 
Kramer's analyses of presumably similar samples; 
the calcium is comparable, but Holser's Mg/Cl ratio 
is seven to 15 times that found by Kramer. This is 
not unexpected, as freezing studies on samples from 
these beds (Roedder, 1963b, p. 182-184) show that 
the solutions in the inclusions vary from concen- 
trated sea water brine residues to essentially pure 
NaCl solutions. These latter are presumably the 
result of trapping of ground water percolating 
through pure salt beds. All of Holser's analyses show 
enrichment in magnesium relative to sea water, but 
this is in Mg/Cl ratio rather than in absolute 
amounts of magnesium. The Br Mg ratios for the 
inclusions are close to those of present day sea water, 
hence. Holser concludes that this ratio presumably 
has been constant since Permian time. He also be- 
lieves that with the possible exception of analyses 
14 and 15, the inclusion fluid cannot be derived from 
re-solution of salt, as then it would be low in Br, 
Mg, and K, nor can it be connate water, which is 
high in Mg but low in Br (or low in both) . Holser in- 
dicates (p. 91) that there were variations of un- 
known origin "even among inclusions from the same 
large crystal." In very similar samples from the 
Goderich area, Roedder (1963b) found that some 
coarse inclusions in recrystallized salt had formed 
from abundant minute primary inclusions under iso- 
chemical conditions, whereas other nearby inclusions 
had drastically different compositions and presum- 
ably represented new fluids introduced during the 
recrystallization. 

LEACH ANALYSES 

Table 5 presents representative analyses of leaches 
made of fluid inclusions in samples opened by crush- 



ing or ball milling. Most of these analyses have been 
from pegmatites and various types of pegmatitic to 
metamorphic quartz veins. A few additional reports 
of quantitative analyses of leachates are not included 
because they were too incomplete or because internal 
inconsistencies in the data raised serious questions 
as to their significance. Many of the most recent 
analyses (see table 3) are not represented in table 
5 because translations are not yet available. 

INCLUSIONS FROM PEGMATITES AND QUARTZ VEINS 

Lisitsyn and Malinko (table 5, analyses 1-4) in- 
vestigated the composition of inclusions in quartz 
from quartz crystal pegmatites and vein-type de- 
posits. For the chemical analyses, they used the 
method of Lisitsyn (1961), in which the sample is 
heated for several hours at the filling temperature of 
the inclusions (independently determined), is over- 
heated 20 to 30 degrees, is rapidly transferred to an 
agate mortar, water is added, and then the sample is 
finely ground before filtering. They obtained concen- 
trations for some of these inclusion samples by 
several procedures: (1) from a visual estimate of 
the volume percent of inclusions (mostly "1 percent," 
"2 percent," or "3 percent") and the chemical anal- 
yses, (2) index of refraction of the liquid (assum- 
ing a mixture of NaCl and KC1), and (3) freezing 
points, determined by P. V. Klevtsov by an un- 
specified technique. The data obtained by these three 
methods, for two of the samples listed in table 5 
(analyses 1 and 4), in weight percent salts, are as 
follows : 
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A number of elements were found on spectro- 
graphic examination of the dry leach residue, in- 
cluding Cu, Ni, Ti. Mo, Pb, Ag, Zn, Sn, Fe, Mn, Ga, 
Sr. Al, V, Li, and Ba. Some of the samples from 
these same deposits showed liquid carbon dioxide, 
or solids such as halite, a carbonate mineral, and less 
frequently, sylvite, indicating the probable existence 
of several genetic groups of inclusions. 

Sheshulin (table 5, analyses 5-7) has examined 
the composition of inclusions in spodumene pegma- 
tites, by simple crushing under distilled water fol- 
lowed by filtering. He also estimated the quantity of 
water present in the inclusions to arrive at concen- 
tration values of 6, 7.23, and 16.06 weight percent 
salts for the three analyses given. The gases present 
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in the spodumene were also analyzed — aee analysis 
42 in table 2. 

In'shin (1958) made a single analysis of an ex- 
tract from quartz from a vuggy Uralian vein, in 
which very high calcium and very low magnesium 
are particularly noteworthy (analysis 8, table 5). 
The exact methods used were not specified. 

Some of Berger and Moskalyuk's analyses from 
Aldan quartz veins (analyses 50-52 in table 5) are 
particularly interesting in that they show a three- 
fold excess of calcium over sodium and bicarbonate 
values near to those of chloride (analysis 50). Moa- 
kalyuk (analyses 53-56) reports some similar rela- 
tionships, including the only analysis in which chlo- 
ride was not detected. Even more divergent anal- 
yses are reported by Arnautov and others (1965) 
for a fluorite-bearing chambered (vuggy) pegmatite 
from Bet-Pak-Dal (analyses 60-62), in two of which 
sodium was not detected, yet no bicarbonate was 
found. The calcium determinations for inclusions in 
calcium-bearing host minerals such as fluorite are, 
of course, maximum values. Ermakov presents a 
particularly interesting pair of analyses on the same 
sample, with water and acid leaches (analyses 63 
and 64). Inclusions in these samples contained more 
than 13 different daughter minerals. 

INCLUSIONS FROM VARIOUS MINERALS AND ROCKS 

Goguel (1963) used a special vacuum ball milling 
procedure on very small samples, particularly to 
obtain the gases for analysis. The eight samples for 
which the gas analyses are given in table 2 (analyses 
24-33) were also given a quick leach with water, 
filtered with a membrane filter and analyzed (anal- 
yses 19-25, table 5). Goguel (1964, and written 
commun., 1963) has revised some of his techniques 
to reduce contamination and has obtained consider- 
ably lower values for boron and chloride. These chlo- 
ride values are actually the sum of CI, Br, and I; 
this is probably true for many of the analyses given, 
but it is generally not stated. 

Koptev-Dvornikov and others (table 5, analyses 
26 and 27) report probably the lowest chloride (rela- 
tive to other constituents such as Na) of any anal- 
ysis. The analyses, by N. I. Khitarov and F. V. 
Palei-Rengarten, were presumably made by leach- 
ing the sample that was heated to obtain the H a O, 
as Koptev-Dvornikov and others (their tables 10 and 
12, p. 94 and 95) present information on the water 
content and the calculated concentrations of salt in 
some of the inclusion samples. (Analysis 26 is given 
as 13.5 weight percent.) In view of the high concen- 
tration they calculate (up to 27 weight percent 



salts) and the predominance of HCO* -1 anion in all 
of their analyses, it is surprising that they do not 
report crystalline bicarbonate daughter minerals in 
their inclusions, as the bicarbonates are much less 
soluble than the chlorides. 

Lamar and Shrode (1953) ground samples of 
limestone and dolomite rocks in distilled water 
(table 5. analyses 28 and 29), as they were in- 
terested in the effects of the total soluble salt content 
on economic utilization of the rock. They believe 
that the calcium sulfate in the dried nitrate residue 
may come from intercrystal deposits, but that the 
other salts come mostly or entirely from the very 
tiny (~2 to 4^m) fluid inclusions. They found that 
small amounts of H S S (0.002 weight percent to a 
maximum of 0.012 percent) were emitted when the 
fetid or oily-smelling limestones were dissolved in 
HC1. 

Evzikova and Moskalyuk (1964) present the only 
recorded analyses of liquid inclusions from carbona- 
tites (table 5, analyses 65 and 66). As might be ex- 
pected, bicarbonate greatly exceeds chloride, and 
potassium exceeds sodium. 

INCLUSIONS FROM VARIOUS TYPES OF MINERAL DEPOSITS 

Khitarov, Rengarten, and Lebedeva (1958) stud- 
ied several different Iceland spar deposits. The anal- 
yses of inclusions from two of the deposits reported 
here (analyses 30 and 31 in table 5) were made by 
simple leaching. Additional analyses were made of 
samples from other deposits (table 6 lists several) 
which showed concentrations of salts ranging from 
4.7 to 23 g/100 ml of water (that is, as much as 18.7 
weight percent) . 

Analyses 9 through 15 (table 5) were obtained by 
ball milling followed by electrodialysis ; the samples 
were cleaned first by electrolysis (Roedder, 1958). 
Li, Na, K, Rb, and Cs were determined by flame 
photometry, using mixed standards closely resem- 
bling the unknowns. The Na/K ratio is near 1.0 for 
most of these samples (except the chert), and al- 
though the total quantity of salts extracted from 
"duplicate" runs varied as much as 20 percent,' 4 
ratios such as Na/K were much more uniform. Thus, 
analysis 11 has a Na/K weight ratio of 1.44. Two 
other runs were made on portions of this sample, 
and these yielded Na K ratios of 1.43 and 1.37. The 
lower values for all constituents on analysis 9 are 
merely the result of a small amount of inclusions in 
the transparent quartz crystals. Although only 
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rather small amounts of Li, Rb, and Ca were found 
in these samples, there are very gross differences in 
their concentrations in the various types of occur- 
rence. The amounts of cations, even without anal- 
yses for Ca and Mg, are larger than the sum of Cl~ l 
and SO,-*; the difference is probably HCO,-> (pos- 
sibly also CO» -t ), but the electrodialysis procedure 
used precluded analyses for these anions. Analyses 
14 and 15 are representative of a series of six anal- 
yses of inclusions in sheared gold-quartz veins from 
the Mother Lode of California. Cameron, Rowe, and 
Weis (1953, p. 259) decry such analyses rather 
pointedly, in that they are made on obviously sec- 
ondary inclusions, formed by shearing. It is fairly 
well accepted, however, that the gold in these veins 
was introduced during one or more of these late 
stages of shearing and recementation of quartz, so 
that these secondary inclusions are more likely to 
contain the actual gold-bearing fluids that the rela- 
tively rare primary inclusions, as described by Good- 
speed (1936, p. 405; Howe, 1924, p. 604; Ferguson 
and Gannett, 1932, p. 43; Roedder, 1958, p. 260). 
The very high SO, - ' value (analysis 15) may well 
be due to contamination from finely divided sulfides. 
Most interesting, however, is the range in cesium 
values. Although the six veins sampled were all quite 
similar in general mineralogy and appearance, and 
showed Na/K ratios that varied only from 0.83 to 
1.03, one of the samples was high in cesium, and 
another (analysis 15) was very high — it contained 
more than 60 times as much cesium as the mini- 
mum value. It is hoped that such gross differences, 
even though geochemically inexplicable at this time, 
might be useful in characterizing veins of unknown 
affiliations as belonging to one or another of multiple 
vein systems and hence clarify some structural prob- 
lems. 

Ames (1958), using the electrolytic cleaning — 
ball milling— electrodialysis procedure of Roedder 
(1958), analyzed four samples from two lead- 
fluorite mines. These analyses (numbers 32-35 in 
t^ble 5) are very unusual in several respects. Some 
of them show eight to 10 times as many milliequival- 
ents of anions (Cl-'+SCV*) as cations (Na+'+ 
K +l ) . In addition, all the analyses are stated in units 
of "parts per million per kilogram of sample" 
(Ames' table 2, p. 478). Although the writer pre- 
sumes that these units are actually milligrams per 
kilogram of sample for Na, K, Li, Rb, Cs, CI, and 
S0 4 , most of the values of Mg, Al, and Cu found are 
recorded in even tens or hundred of unita. As these 
three elements were analyzed by spectrograph, pre- 
sumably on the residue from evaporation of the 



electrodialysis cell products, it is assumed that these 
three are stated in parts per million of dry residue.** 
As no weights are given for the residues, the amount 
of these constituents cannot be determined from 
these data. 

Roedder, Ingram, and Hall (1963) analyzed eight 
leaches of crushed samples in connection with the 
development of methods for quantitative extraction 
and analysis of single inclusions; three of these 
analyses are given in table 5 (analyses 36-38) . Anal- 
yses 36 and 37 are from the rim and core, respec- 
tively, of a large single galena crystal. As opposite 
quadrants of rim, and of core, were combined in 
each case, there were two different samples of rim, 
and two of core; thus each pair of analyses of the 
two parts of rim, and of core, represents an ap- 
proach to "duplicate" samples. Although the amounts 
of salts found varied by a factor of two, the atomic 
ratios in each pair were very similar. When the 
atomic ratios are compared, the rim of the crystal 
is seen to have a lower Ca/Na (or Ca/Cl) ratio. It 
is also considerably higher in S0 4 - 1 , but possible dif- 
ferences in the case of oxidation of the sample dur- 
ing crushing and leaching may be involved. Analysis 
38, a composite sample of planes of presumed 
pseudosecondary inclusions in many crystals from a 
shipment of Brazilian radiograde quartz, is of in- 
terest in several respects. The Na/K ratio found 
agrees with the feldspar mineralogy of the Brazilian 
pegmatitic quartz deposits (Roedder and others, 
1963, p. 366), the high calcium agrees with the 
known occurrence of occasional solid inclusions of 
calcite in this quartz, and the very high boron con- 
tent (1 percent of the sodium, by weight) agrees 
with the well-known occurrence of tourmaline in 
many of the quasipegmatitic quartz veins. Most of 
the Brazilian radiograde quartz comes, however, 
from feldspar-free veins in quartzites (Prof. Earl 
Ingerson, written commun., 1967). The relationship 
between such veins and the pegmatite deposits is 
nebulous at best. 

Some analyses of inclusions from Russian ore 
deposits recorded in table 5 (analyses 39-49) show 
bicarbonate greater than chloride. Sushchevskaya 
and Barsukov (analyses 43 and 44) report that bi- 
carbonate increased and chloride decreased during 
the various stages of mineralization in some sul- 
fide-cassiterite deposits. In an analysis of inclusions 
from a greisen deposit, Khitarov (analysis 45) re- 
ports a bicarbonate-chloride solution with very un- 
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usual values for sodium and potassium, yielding a 
weight ratio (Na/K) of 0.16. Calcium was also 
very high, but as the host mineral was fluorite, this 
may not be too significant Balitskii and Lyubofeyev 
(1962) analyzed inclusions from various stages of 
a polymetallic deposit (analyses 46-49). Most of 
these showed bicarbonate much greater than chlo- 
ride and calcium greater than the sum of sodium 
plus potassium. 

COMPLETE QUANTITATIVE ANALYSES 

Table 6 lists representative analyses in which both 
the amounts of the major solute ions and of solvent 
(water) were determined, thus permitting an esti- 
mation of the concentration." 

INCLUSIONS FROM IGNEOUS ROCKS, PEGMATITES, AND 
QUARTZ VEINS 

K6nigsberger and MOller (table 6, analyses 1 and 
2) analyzed inclusions in quartz crystals from two 
metamorphic Alpine-type veins. They did not anal- 
yze for HCOa - ' but did find considerable amounts 
of free CCX and of CCV*. As CO s can occur as a 
neutral molecule, as monovalent bicarbonate anions, 
or as divalent carbonate anions, the distinction be- 
tween these in inclusions is of considerable signifi- 
cance in any attempt to check analyses by the charge 
balance. The analytical methods used for determina- 
tion of HCOa -1 and for CO.,-* in inclusions are not 
always capable of making these distinctions, and, in 
addition, the specific methods used are seldom stated. 

Faber (1941) analyzed the leachatea obtained by 
large-scale ball milling (with flint balls in a flint- 
lined mill) of 19 rocks and minerals, in connection 
with a detailed study of the sources of the water 
determined in various rock analysis procedures and 
an evaluation of their significance. He used glazed 
earthenware pots for the long-term leaching (4 to 
6 weeks) and in part used decantation in place of 
filtering. As Correns (1940) has shown that con- 
siderable amounts of alkali can be extracted from 
the feldspar structure by even short-duration leach- 
ing (a few hours), at least a part of the alkalies 
found (analyses 3-6, table 6) are not from inclu- 
sions. The sulfate might well come, in part, from 
oxidation of finely ground sulfides in such rocks and 
possibly also from sulfates present, and so they are 



M Note that the concentratlona litn in table C are In parts per million 
of total iurJaeion fluid; in tome of the original anaryeea the concentra- 
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maximum values. The concentrations of salts wore 
obtained by using a value for inclusion water de- 
termined by heating grains — not powder — to red 
heat. 

Polykovskii (1962a) reportB five analyses, using 
the method of Lisitsyn (1961), of inclusions from 
five generations of quartz from "chambered" 
(vuggy) pegmatites in Maidantal, western Tien- 
Shan. The concentrations were obtained from op- 
tical estimates of the volume of inclusions, made by 
counting representative areas under the micro- 
scope. The analyses, in age sequence from earliest 
to latest, are given in table 6 (analyses 7-11). The 
homogenization temperatures characteristic of each 
zone are given, but a later publication (Polykovskii, 
1963) gives somewhat different temperatures. The 
Na/K and Ca 'Mg ratios are exceptionally high. 

Maslova (1961) extracted a large inclusion (100 
mm 1 ) in a dark-colored quartz crystal believed to 
have formed as /9-quartz (analysis 12, table 6) . She 
found gas bubbles from similar inclusions to contain 
large quantities of U.S and COj (see page JJ48), 
but no HS-', H.S, or C0 2 was found in the liquid 
phase, and the discrepancy was not resolved. The 
composition of this inclusion is comparable in in- 
dividual constituents to several other analyses that 
have been obtained on pegmatitic quartz ; the concen- 
tration of salts found (6.1 weight percent) is a com- 
monly encountered range for such samples and 
agrees with many of the determinations of freezing 
temperatures for pegmatitic quartz veins (Roedder, 
1963b). Prikazchikov and others (1964) also anal- 
yzed the fluid from some giant inclusions (up to 400 
cm*) in a giant quartz crystal from Volynia. They 
report total concentrations of salt approximately two 
orders of magnitude lower than Maslova's analysis, 
with grossly different salt composition (table 6, 
analysis 12a) . Large inclusions are particularly sub- 
ject to leakage, and it should be noted that the anal- 
yses reported by Prikazchikov and others (1964) 
are very similar to many ground waters. 

INCLUSIONS FROM SALINE MINERALS 

Kramer (1965) made four ratio analyses of the 
inclusions in salt beds. (See table 4.) Determina- 
tions of the quantity of water were also made in two 
cases, permitting determination of the concentra- 
tions in these strong brines (analyses 13 and 14, 
table 6). Fluorine was determined on these, and the 
CI F ratio was found to be about 2,000. 

Sjogren's (1893) analysis (table 6, analysis 15) 
of large inclusions in gypsum from the famous 
Girgenti (now Agrigento) sulfur deposits in Sicily 
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is one of the first really quantitative analyses of fluid 
inclusions. In earlier work Silvestri (1882; usually 
quoted as "von Lasaulx, 1883") determined the com- 
position of a very large (6 cm*) inclusion in Sicilian 
sulfur; he reported the fluid to be a very dilute solu- 
tion (0.1033 weight percent total salts) of NaCl 
(53.5 percent), Na 2 SO, (45.1 percent), and CaClj 
(1.3 percent), plus traces of K, Ba, and Sr. Yushkin 
and Srebrodol'skii (1965) also present an analysis 
of inclusions in sulfur from the Shorsui sulfur de- 
posit, U.S.S.R. (table 5, analysis 67). 

Analysis 16 (table 6), of a Na-Ca-Cl brine from a 
geothermal well in the Salton Sea area of southern 
California is included for comparison with data on 
inclusions from ore deposits, as these waters not 
only contain very appreciable amounts of ore metals 
(Helgeson, 1967) but they deposit some of them as 
rich copper-silver "ore" in the pipes (White, Ander- 
son, and Grubbs, 1963; White, 1965a, 1965b; Skin- 
ner, and others, 1967). 

Analysis 15a (table 6), by Petrichenko and Shay- 
detskaya (1968) is particularly complete. It was 
made on a large inclusion of dense (1.231 g*cm~ 9 ) 
fluid in water-clear recrystallized halite from the 
Artemovsk rock-salt deposit in the Donnbass. The 
authors discuss the possible source of this fluid on 
the basis of the ratios Br/CI and Mg/Cl and the 
trace constituents. Both pH and Eh were measured. 
(See pages JJ38 and JJ40) . 

VESICLES IN LAVAS 

Analyses 17-20 in table 6 present some of the 
data obtained on the fluids found in large (up to 10 
cm) vesicles in crystalline basalt or dacite lava flows. 
These partly liquid-filled vesicles are found irreg- 
ularly distributed in the dry rock. Upon breaking 
the rock, the liquid spills out and can be recovered 
in part by pipetting. The cavities are generally 
smoothly amygdaloidal, indicating they existed when 
the rock was still mobile, that is, while it was flow- 
ing on the surface (Kokubu and Katsura, 1956). 
Some of the vesicles (at Nagahama) are lined or 
filled with zeolites, plus a small amount of calcite, 
and are angular and irregular in shape. Others con- 
tain aragonite and siderite (Imari district), but the 
mineral (and water) content in individual cavities a 
few centimeters apart differs considerably (Ko- 
kubu and others, 1957). Montmorillonite in dis- 
tinctly crystalline form is present in the Imazu 
cavities. The composition and concentration of the 
fluid is somewhat similar to that of the local ground 
water, except for relatively small differences in 
D/H ratio, pH and the concentration of some ions. 



Larger percentage differences are found in the NHj 
content. No evidence was seen of fissures or cracks 
to lead meteoric water in nor of leaching of the 
host rock to yield the amounts of materials neces- 
sary to form the quantities of zeolites found. From 
such considerations, the authors of these papers be- 
lieve that they represent magmatic waters, trapped 
in vesicles during the fractional crystallization of the 
magma, and not surface water that has seeped into 
these cavities. Other geologists have questioned this 
conclusion, on several grounds: (1) the slow move- 
ment of ground water through the intergranular 
pores of such rocks could cause the differences noted 
between ground water and inclusion water, (2) once 
the fluids are at equilibrium with the rock (all ex- 
cess oxygen removed, etc.), they would not be ex- 
pected to leave any trace of their movement, (3) it 
is difficult to visualize a mechanism whereby mag- 
matic waters could exist in such cavities in surface 
flows at normal temperatures of extrusion 
(>900 C C)— even as low as 400°C, 100 bars of pres- 
sure are needed to maintain a steam density in the 
vesicle that would condense to only 4 percent liquid 
water, and (4) there are large and variable quanti- 
ties of montmorillonite and zeolites, as well as the 
local variation in pH and composition of the cavity 
waters. 

INCLUSIONS FROM MINERAL DEPOSITS 

Some of the quantitative analyses of inclusions 
have been of samples from various types of ore de- 
posits. Maslova (1963) and Fedorchuk (1963) give 
analyses of inclusions in mercury-antimony deposits 
(table 6, analyses 21-23). Maslova's analysis was 
made by ultramicrochemical methods on fluid ex- 
tracted by pipetting out of a hole drilled into the 
inclusions; as Fedorchuk credits Maslova for the 
analyses he presents, presumably they were made by 
the same procedure. These are generally low in total 
salt concentration and high in bicarbonate, with 
bicarbonate frequently greater than chloride. Not 
infrequently these fluids also contain oil or bitu- 
mens, H^S, and even liquid CO s (Fedorchuk, 1963; 
Roedder, 1963b, p. 188-190). 

Several studies have been made of the large in- 
clusions that occur in some Iceland spar deposits. 
Khitarov, Rengarten, and Lebedeva (1958) have 
analyzed a series of these, varying from 7 to 89 mm* 
in volume, from several types of Iceland spar oc- 
currences. They presumably pipetted out the fluid 
from the inclusions opened by cleaving and then 
measured the volume of the cavity with a pipette. 
These are highly concentrated calcium chloride 
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brines, with relatively low Na +I and HCO,- 1 (table 
6, analyses 24-26). Skropyshev (1957) made an 
analysis of a similar large inclusion from an 
unspecified locality, but apparently no correc- 
tion was made for leaching of the host calcite 
(see analysis 27, table 6) ; in a later article (Skropy- 
shev, 1960) he finds that the yellow and red colors 
of Iceland spar from some deposits in the Siberian 
platform are due to inclusions of bitumens, which 
presumably migrated from lower strata during the 
crystallization. Kiyevlenko (1958) and Il'in (1964) 
also studied the composition of inclusions in Iceland 
spar. 

The first study to show variations in the nature 
of the ore-forming fluid during the formation of a 
given mineral, by analyses of primary inclusions 
from various zones, was by Grushkin and Prik- 
hid'ko (1952 ; also reported in Grushkin, 1958) . They 
analyzed inclusion leachates (table 6, analyses 28- 
30) from crushed samples of fluorite from three dif- 
ferently colored parts of zoned crystals and found 
that the solutions changed from alkali-chloride and 
fluoride to sodium-calcium bicarbonate. They report 
that the contamination, with respect to the listed 
ions, from the mineral surfaces was essentially un- 
detectable. In order to correct for solution of the 
host fluorite, they made a second leach and sub- 
tracted its analysis from the first As the first leach- 
ates were invariably higher in Ca and F than these 
"control" leachates, they attribute the difference to 
the presence of Ca and F ions among the salts of the 
inclusions." They obtained their water analyses 
from weight loss on ignition of other parts of the 
same samples. 

Comparatively few of the quantitative analyses 
of inclusions have been of samples from base-metal 
deposits. Such analyses, however, have given us most 
of the information we have on the composition of the 
ore-forming fluids. A general review of the status 
of our knowledge of the chemistry of the ore-form- 
ing fluids has been published (Roedder, 1965c) ; re- 
views of the applicable evidence from fluid inclu- 
sions, both analytical and otherwise, are given for 
the Mississippi Valley-type ore deposits (Roedder, 
1967d) and for hydrothermal ore deposits in gen- 
eral (Roedder, 1967a). 

Roedder, Ingram, and Hall (1963) reported a 
series of analyses, in which water was determined 
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by vacuum crushing of specially selected and pre- 
pared samples, followed by the determination of the 
salts obtained by water leaching of the same crushed 
samples (table 6, analyses 31-37) . This work showed 
that there were very appreciable differences between 
the Mississippi Valley-type ore fluids and those re- 
sponsible for the formation of the normal mag- 
matic-hydrothermal ore deposits. The former are 
always much more concentrated brines, with much 
higher ratios of Na/K, Na/Ca, and Na/CI. One 
sample in this series, from Cartagena, Spain (anal- 
ysis 35), is particularly interesting. Although this 
sample showed a composition "very similar" to that 
of the samples from Mississippi Valley-type de- 
posits (Roedder and othera, 1963, p. 372), they 
thought that it came from the hydrothermal lead- 
zinc-silver veins in andesite and contact metasomatic 
rocks that have been reported for this district (Berg 
and others, 1950). It has since been realized how- 
ever, that data given in another paper (Gonzalez, 
1949) indicate that several widely divergent types 
of ore deposits occur in the area and that some of 
them are very similar to the Mississippi Valley-type 
deposits. As the sample analyzed was a museum 
specimen labeled simply "Cartagena, Spain," we 
can only suggest that perhaps it came from the Mis- 
sissippi Valley-type deposits. 

Hall and Friedman (1963) used the same proce- 
dure to analyze a series of samples, of known para- 
genetic positions, from two Mississippi Valley de- 
posits. They found that systematic changes occurred 
in the total concentration, D/H ratio, and several 
other constituents during the formation of the Cave- 
in-Rock deposits (table 6, analyses 38-41) that they 
believe reflect the complex origins of the fluids. A 
similar sequence in the Upper Mississippi Valley 
district (analyses 42-44) also showed variations 
with paragenetic stage, parallel in part with the 
other series. 

Uchameyshvili (1965) analysed inclusions in a 
lar^re number of barite samples from various Soviet 
mines. Many of these solutions were rather con- 
centrated, and some were high in bicarbonate (table 
6, analyses 45-49). The Na/K ratios are excep- 
tionally high in a number of these solutions. 

The most extensive and thorough studies of the 
chemical compositions of fluid inclusions in hydro- 
thermal ore deposits are presented in two reports 
received too late to be included in the tables. They 
are on the Providencia district in Mexico (Rye and 
Haffty. 1968), and the Bluebell mine in British Co- 
lumbia (Ohmoto, 1968b; Ohmoto and Rye, 1970). 
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DISCUSSION 

INERT CASES 

The recent developments in gas analysis tech- 
niques have given considerable impetus to study of 
the geochemistry of the inert gases, as an aid in the 
solution of a variety of geologic problems. Some of 
these gases can be trapped in specific structural 
holes in the crystal during its formation, as in beryl 
(Damon and Kulp, 1958; Feklichev, 1963). They may 
also be trapped on imperfections and grain boun- 
daries, as in pyroxene (Hart and Dodd, 1962; Mc- 
Dougall and Green, 1964; Lovering and Richards, 

1964) and possibly in sodalite (York and others, 

1965) , or they can be deposited in the structure by 
radioactive decay after crystallization. However, at 
least a part of the inert gases found in most rocks 
occurs in the fluid inclusions. The interpretation of 
such analyses is even more ambiguous due to multi- 
plicity of origin of the inclusions. Thus Funkhouser, 
Naughton, and Barnes (1965) and Funkhouser and 
Naughton (1968) believe that the excess argon they 
found in xenoliths from basalt, which yielded grossly 
erroneous (too old) K/Ar "ages," is present in fluid 
inclusions. Primary, high pressure gas inclusions are 
common in these samples (Roedder, 1965d) repre- 
senting the trapping of microscopic droplets of a 
separate immiscible COvrich gas phase in the melt. 
It can be expected that argon (and other inert 
gases) in the system would become highly concen- 
trated in this gas phase. The distribution coefficients 
to be expected for such gases between a granitic melt 
and droplets of a separate immiscible hydrous saline 
melt (as found as primary inclusions in quartz of 
granites from Ascension Island, Roedder and 
Coombs, 1967), or between a water-rich phase and 
droplets of a separate, immiscible COvrich phase (as 
found as primary inclusions in many pegmatite min- 
erals, see table 1) are not as self-evident. All these 
"systems'* should be examined experimentally. 

The K«° present in the inclusion fluids forms 
radiogenic argon with time, and in theory, the K/ 
Ar age of the inclusion could be obtained from such 
measurements. Radioactive age determinations on 
sylvite by the K/Ar method are subject to errors 
in one direction by loss (low retention) of the new 
radiogenic argon (Borshchevskii and Borisova, 

1963) and in the other direction by the presence of 
primary argon in gas inclusions (Nesmelova, 1959; 
Thoma and Eckart, 1964; Ackermann and others, 

1964) . Radiogenic argon can be expected to concen- 
trate in any pore fluids present in rocks, particularly 
during metamorphism, and such high argon fluids 



may be trapped as fluid inclusions in metamorphic 
minerals, giving K/Ar "ages" that are too high by a 
factor of as much as 1,000 (Rama and others, 1965). 
Similarly, argon in inclusions may explain some of 
the discordance between the apparent ages of two 
minerals from the same pegmatite. Thus Laughlin 
(1967, 1968) reports excess argon up to a maximum 
of 0.16 ppm in pegmatitic feldspar, in the same 
range as that found by Rama, Hart, and Roedder 
(1965). Gerling, Morozova, and Sprintason (1968) 
propose another source of Ar 49 generation (other 
than K'°) to explain the excess argon they find in 
some minerals. They propose that this hypothetical 
element has a half -life of 400 m.y. 

The ore-forming fluids can also be expected to 
become enriched in argon, regardless of their origin; 
some evidence of this was found by Lippolt and 
Gentner (1963) and Lippolt (1966) who report up 
to 5xl0~ 7 cm 8 radiogenic "excess" argon in fluorites 
from the Schwarzwald, which they consider to be 
primary argon trapped with the fluid of the inclu- 
sions. Similarly, Rama, Hart, and Roedder (1965) 
report excess argon in inclusions in a Mississippi 
Valley fluorite deposit. They also report that in- 
clusions from an epithermal ore deposit associated 
with volcanism at Creede, Colo., show no measurable 
argon. Although ore fluids from such a magmatic 
source should be enriched in argon, there is indepen- 
dent evidence that these fluids boiled during the 
deposition of the enclosing minerals (Roedder, 
1960a) ; such boiling would be expected to scavenge 
argon (and perhaps H : S) from the fluids rather 
effectively. 

An additional problem in the interpretation of 
inert gas analyses in inclusions comes in possible 
contributions of gases to these fluids by former ex- 
posure to the atmosphere (Florensky, 1956; Mazor 
and Wasserburg, 1965). Further studies of the rela- 
tive abundances of all of the inert gases in inclusions 
and possibly related natural waters should be fruit- 
ful. 

ALKALIES 

Since the early work of Sorby, Zirkel, and others, 
showing that the fluid inclusions in many rocks 
contained strong and even saturated NaCl brines, 
practically all additional studies of inclusion comp- 
osition have shown that alkali chlorides are the 
predominant salts in solution. There are only a 
very few exceptions, and many of these are repre- 
sented by analyses in the tables. Sodium is by far 
the most abundant, generally exceeding potassium 
by a factor of 1 to 10, but as the analyses in the 
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tables were selected to show both the typical com- 
positions and the more unusual ones, they do not 
represent a valid cross section. The rarer alkalies 
are seldom determined, in part due to the small 
quantities available. The newer techniques are much 
more sensitive, however, and determinations of all 
three, lithium, rubidium, and cesium, should become 
common. Although the absolute amounts present are 
of comparatively little significance, weight ratios 
such as Na 'Li. K Rb, and K 'Ca may be useful in 
recognizing different generations of fluids, as, for 
example in the Mother Lode district (Roedder, 1958, 
p. 262). The amounts of lithium found in many 
pegmatitic quartz samples (for example, Stavrov, 
1961) could be partly or entirely from fluid inclu- 
sions. 

As sodium and potassium are among the most 
abundant constituents present in inclusions and may 
be determined by flame photometry with relative 
ease, precision, and accuracy, the Na /K ratio is one 
of the most useful parameters (Sawkins, 1965b, 
1966a, 1966b). For example, the fluids that formed 
the Mississippi Valley-type ore deposits seem to be 
characterized by much higher Na/K ratios (about 
17, by weight) than those having magmatic-hydro- 
thermal affiliations (Roedder and others, 1963; Hall 
and Friedman, 1963; Roedder, 1967a). The low 
ratios for the latter (not infrequently less than 1) 
presumably reflect interactions with wallrock min- 
erals at the prevailing temperature and acidity 
(Hemley and Jones, 1964; Ellis and Mahon, 1967) ; 
but it is not always certain which changed most, the 
fluids or the wallrocks. It is possible that careful 
comparison of inclusion fluids in replacement min- 
erals from wallrocks with those from adjacent vein 
minerals may help in such problems. The higher 
Na 'K fluids involved in the deposition of the Missis- 
sippi Valley-type samples, and the still higher ratios 
in normal connate waters, probably are derived by 
other reactions (Roedder and others, 1963, p. 371; 
Roedder, 1967d, p. 359). Sawkins (1968) believes 
the extra potassium in the Mississippi Valley-type 
samples comes from contributions of magmatic 
waters. 

Arnautov and others (1965) present an unusual 
series of 10 analyses of seven stages of quartz and 
three of fluorite from a chambered pegmatite in 
Bet-Pak-Dal. (See analyses 60-62, table 5.) Al- 
though the alkalies were determined by flame photo- 
metry, a number of these samples showed no detect- 
able sodium. The sensitivity of the specific procedure 
used is not stated, but ordinarily flame photometry 
should be able to detect 0.002 mg of sodium under 



these conditions, even without concentration by 
evaporation. 

The Na K ratio for the fluids of metamorphic 
pegmatites and quartz veins fluctuates rather widely 
on both sides of 1, as might be expected from the 
diversity of processes involved, but contamination, 
particularly from feldspar, can introduce serious 
errors. The original fluids present may have been 
connate brines or even fresh surface waters, with 
salts added from the solution of evaporite beds. 
Engel and Engel (1953) have shown that actual 
NaCl is almost always present, along with anhydrite 
and gypsum, in drill cores of the metamorphic 
marble sequence of the Precambrian Grenville series. 
They believe this to be of sedimentary origin, though 
some was redistributed. The composition of the pore 
fluids in metamorphic rocks is the result of a long 
series of reactions with the minerals present. Al- 
though there is considerable total time available, 
these reactions occur during changing conditions of 
temperature and pressure and may not have 
achieved equilibrium. The fluids may be expelled 
from the rock to form new minerals, as in pegma- 
tites, at any time during the history of the area, 
and small portions may be trapped at various stages 
as inclusions in relatively nonreactive minerals, such 
as quartz. 

The residual fluids from the crystallization of 
most igneous rocks also are strong sodium chloride 
brines, as evidenced by the common presence of 
halite daughter crystals in their inclusions (Sorby, 
1858; Zirkel, 1870b, 1873, 1876, and 1893). Much 
less commonly the halite crystal is accompanied by 
a sylvite crystal.* 8 The ratio of sodium to potassium 
in such fluids is, of course, related to the ratio in 
the silicate melts from which they are derived 
(Gammon and others, 1969) . 

As a result of such a diversity of possible proces- 
ses, detailed studies of the inclusions will be needed 
to piece together the history and significance of the 
various fluids present at any place. These studies 
should be of aid in a variety of geologic areas and 
problems, and conceivably they might help to dis- 
tinguish metamorphic granites from truly magmatic 
ones. 

ALKALINE EARTHS 

Calcium is usually the major cation in those in- 
clusions where sodium is not predominant, and in 
a very few special cases it greatly exceeds sodium. 

^ 1'nHer f.'Wir »w«"i*t b«t at prnwut unknown rendition*, a lodiun or 
urdLiim-ralcitim rarbenate melt Blithe form, presumably a* a TMiitua] 
liquid iKnemn and du 1S*I, t>aw»on. 1**2: Da Bail a»l odMra, 

1«M». 
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With but few exceptions it exceeds magnesium, 
frequently by a large factor. Although there has 
been little attention given it, the Ca Mg ratio in the 
ore-forming fluid is of considerable significance in 
controlling dolomitization. Care is needed to obtain 
valid determinations of this ratio in inclusions, how- 
ever, due to several common sources of contamina- 
tion. Mississippi Valley-type ores formed from 
fluids with a rather uniform Ca/Mg weight ratio 
between 4 and 8, but other types of deposits deviate 
widely on both sides of this range (table 6) . Graf, 
Meents, and Shimp (1965) propose that the Ca Mg 
ratio in saline formation waters is increased during 
their evolution by exchange of magnesium for cal- 
cium, forming dolomite, and by simple extraction of 
magnesium, forming chlorite. 

Strontium is probably present in many inclusions, 
but is seldom determined. Gerling, Shukolyukov, 
and Matveyeva (1962) report some age determina- 
tions on inclusion-bearing minerals (beryl, tourma- 
line, and quartz) by the Rb Sr method that gave 
absurdly high values. As the quantities of strontium 
involved are very small it is relatively easy to stipu- 
late conditions whereby an aqueous phase, "sweated" 
out of a metamorphic rock, could contain significant 
amounts of strontium enriched in radiogenic Sr* 7 to 
explain the results obtained. Experimental deter- 
minations of the distribution coefficients for stron- 
tium between precipitated calcite and the solution 
have been made over a range of temperatures by 
Bodine, Holland, and Borcsik (1965), in an effort 
to delineate the composition of the ore fluids from 
measurements of the composition of natural crys- 
tals of calcite formed by them. Similarly, Helz and 
Holland (1965) have used natural mineral assem- 
blages and experimental data on the solubility of 
strontianite to place some limits on the Ca/Sr ratio 
of the fluids. Eventually, it may be feasible to com- 
pare such estimates with direct analyses of inclusion 
fluids, although it would be necessary to use inclu- 
sions in simultaneously precipitated minerals other 
than calcite to obtain an accurate Ca/Sr ratio. Blount 
and Dickson (1966) report that celestite exhibits 
retrograde solubility in water, but the solubilities 
found (up to 248 ppm) are adequate to permit anal- 
ytical detection of strontium if such fluids were 
trapped in fluid inclusions. 

Only a very few determinations of barium have 
been made, but it should be determined more fre- 
quently. Barite is a useful gangue mineral in that its 
presence places some limits on the concentration of 
the much more important unknown in the ore fluids, 
sulfate ion (Barton, 1957). 



Although boron would be expected in many types 
of natural water-rich fluids, particularly residual 
liquids from the crystallization of metamorphic and 
igneous rocks, comparatively few quantitative deter- 
minations of it have been made. The presence of con- 
siderable boron in pegmatitic fluids is evident from 
fluid inclusions in pegmatitic minerals showing 
daughter crystals identified as fluoborates (Slivko, 
1955, 1958), borax (Yakubova, 1952, 1955), and tee- 
pleite (Na : B ; 0,-2NaCl'4H 3 0) (Kalyuzhnyi, 1968a). 
It is also evident in the common presence of tourma- 
line in the pegmatites, in analyses showing hundreds 
of parts per million of boron in various pegmatite 
minerals (although at least some of this boron is 
attributed to inclusions (Oftedal, 1964, p. 221)), and 
in the rather common occurrence of vonsenite and 
other borates, or borosilicates, in various skarn as- 
semblages at the contacts of pegmatites or granitoids 
(Marakushev. 1963; Utekhin, 1964; Chesterman, 

1965) . The association of borate minerals, chiefly 
ludwigite, with certain skarn ores has been used by 
Geijer (1959) as evidence of a primary (contact 
metamorphic) origin for the skarn, as opposed to 
origin by metamorphism of sediments. 

Boron is also probably present in many ore fluids. 
Lindgren and Whitehead (1914) tentatively identi- 
fied colemanite in fluid inclusions in crystals of the 
borosilicate danburite from a jamesonite deposit, 
and datolite is known to occur in skarn iron ores 
(Yakovleva, 1961). Ellis and Mahon (1967) show 
that boron would be leached out of many rocks by 
hot water. From these results, and the occurrence 
of boron concentrations in some hot springs (Koga, 
1957 ; White and Roberson, 1962 ; Ellis and Mahon, 

1966) , one could conclude that some ore fluids may 
have very appreciable amounts of boron. One anal- 
ysis of inclusions from sphalerite from Santander, 
Spain (analysis 32, table 6) , shows 500 ppm boron 
(corresponding to 2,700 ppm BO;,-*), and all others 
are lower. As the quantities involved are very small, 
the possibility of contamination is significant. For 
this reason, normal laboratory borosilicate glassware 
cannot be used. 

CARBON 

The compounds of carbon that occur in inclusions 
are particularly useful in delineating the condition 
of formation. (See also "Organic Gases and Liquids" 
under "Analytical Data.") Thus the equilibria be- 
tween carbon, hydrogen, and oxygen under mag- 
matic conditions will yield various amounts of C0 3 , 
CO, H 2 0, and CH,, in addition to excess graphite, 
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hydrogen, and oxygen (French, 1965; French and 
Eugster, 1965; Eck and others, 1966; Nokleberg, 
1969). Depending on the quantities involved, these 
reactions may control, or be controlled by other 
variable valence elements in the environment such 
as iron, manganese, and sulfur. Thus methane may 
well be present in significant quantities in hot ore 
fluids in equilibrium with ordinary sulfide mineral 
assemblages (Holland, 1965). 

Hot gases or fluids from magmas may maintain 
their high temperature equilibrium composition, in 
part, if the cooling is rapid. Unfortunately, however, 
most fluid inclusions in magmatic rocks probably 
represent fluids that have been cooled rather slowly, 
with varying degrees of contact with a variety of 
mineral surfaces, making interpretation difficult. 
Oro and Han (1966) have shown that pure methane 
will form rather large amounts of multiring aroma- 
tic hydrocarbons with just one pass over silica gel at 
1,000°C. Small amounts of aliphatic hydrocarbons 
are also formed if ammonia and water are present 
More than 97 percent of their synthesized hydro- 
carbons contained even numbers of carbon atoms. 
Similarly, Giardini, Salotti, and Lakner (1968) 
have shown that significant quantities of CH« and 
C 2 H« will form by the reaction of calcite and hydro- 
gen at about 600°C. 

Barker (1965a) has attempted to calculate the 
apparent temperature of final equilibration of the 
gases from mass spectrometric analysis of gases lib- 
erated on heating samples in vacuum. In another 
publication (Barker, 1966) he indicates that the 
gases found were not in thermodynamic equilibrium 
at the temperatures and pressures corresponding to 
those in the geological or experimental environments 
and that they must come from several sources. As 
pointed out in "Destructive Methods of Determining 
Composition," the problems of unambiguous sam- 
pling and extraction of inclusions for analysis of 
the ratios between the various species are exceed- 
ingly difficult. 

At still lower temperatures, deviations from the 
equilibrium ratios are probably more common and 
persistent (Eck and others, 1966). Hoefs (1965) 
has found small amounts of free carbon (about 
200 ppm) in many igneous rocks; although this is 
quantitatively adequate to exert considerable control 
on the gas equilibria, it seems likely that solid-gas 
equilibrium in particular would not be maintained 
on cooling. 

Reliable data on the ratios between bicarbonate, 
carbonate, and free carbon dioxide in liquid inclu- 
sions would be valuable in calculating the pll 



(Uchameyshvili and Khitarov, 1965), and in pre- 
dicting the concentrations of a variety of ionic 
species, and hence the solubilities of many solids 
(for example. Barton, 1957; Brotzen, 1962; Holland 
and Borcsik, 1965a, 1965b; Krol and Gurkina, 1961). 
Unfortunately, only rarely are all three determined. 
Bicarbonate is usually the major anion in those anal- 
yses where chloride is not the major one, but the 
method used for the bicarbonate analysis is seldom 
stated, and the common presence of free CO* (liquid 
and gaseous) may make at least some of these val- 
ues too high. Khodakovskiy (1965) found that bi- 
carbonate exceeded chloride in 135 out of 400 anal- 
yses of inclusions taken from the literature. Al- 
though a number of these analyses are of dubious 
validity due to sampling and analytical problems, 
bicarbonate is a major anion that should be deter- 
mined in all analyses of inclusion fluids. 

Although there are some CO = inclusions that in- 
dicate the existence of immiscibility between H 3 0- 
rich and COj-rich fluids at the time of trapping (pi. 
5, fig. 1 ) , there are many more that give clear evi- 
dence, by their uniform phase ratios at surface tem- 
peratures (pi. 7, figs. 9, 10), that a homogeneous 
COz-HjO fluid was trapped. The ratio COo/HjO is 
very important in many geological problems such 
as ore transport, wallrock alteration, and metamor- 
phism (for example, Dobretsov, 1966). It has been 
determined frequently by analysis of the gases 
evolved on decrepitation (Vertushkov, 1966; Touray, 
1 968) (see also tables 2, 3, and 8) . However, the dif- 
ficulties of differentiating primary and secondary 
inclusions, as well as homogeneous versus hetero- 
geneous fluids at the time of trapping, may make 
qualitative estimates based on measurements of the 
relative volume of liquid C0 2 and liquid water 
phases at room temperature more accurate. 

The presence of carbonate in the fluids trapped 
in inclusions is indicated, qualitatively, by the com- 
mon occurrence of calcite or other carbonates as 
daughter minerals. Although calcite shows retro- 
grade solubility in most water solutions, the solu- 
bility is apparently normal (nonretrograde) in 
strong brines. A wide variety of soluble or slightly 
soluble carbonates of the alkali and alkaline earth 
metals, for example, dawsonite (NaAl(OH) 2 CO s ) 
(see Smith and Milton, 1966), might be expected to 
occur as daughter minerals in some environments 
and may account for some of the numerous un- 
identified phases reported. 

Carbon as hydrocarbons and other organic com- 
pounds is surprisingly common in inclusions and 
has been reported even in scheelite crystals (Mat- 
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veyev, 1947). Small quantities (~0.01 weight per- 
cent) of bitumens have been reported in a number 
of hydrothermal fluorite ores from igneous rocks in 
Tadjikistan (Mogarovsky and Markov, 1966). Anal- 
yses of these compounds may eventually be of great 
value in placing some limits on the environment of 
formation of the sample and its subsequent heat 
treatment, as certain of them are thermally un- 
stable or may distill off (Mueller, 1954b) and some 
appear to decompose with time, after trapping 
(Roedder, 1962b, p. 40). At least small amounts of 
methane are found in many analyses of the gases 
from inclusions, although new methane can also be 
formed during the extraction process if heat is used, 
either by inorganic reactions or by the decomposition 
of kerogen (Hoering and Abelson, 1964) . 

Organic matter should, in general, reduce sulfate 
to sulfide. Although these reactions are apparently 
very slow, unless aided by bacteria, A. I. Germanov 
(1965) has proposed that such oxidation of dark 
organic matter by sulfate, and direct solubility in 
the hydrothermal fluids, are responsible for much 
of the bleaching of wallrocks. Barton (1967) has 
proposed that the Mississippi Valley-type ore metals 
have been transported by an organic-bearing fluid in 
which the sulfur was present as sulfate; slow reduc- 
tion of the sulfate in this nonequilibrium solution 
avoids the problems of simultaneous transport of 
sulfide and metal in the same fluid. The solubility of 
methane alone in 50,000 ppm brines is adequate to 
provide, at saturation under pressures equivalent to 
a depth of only 1,000 feet (Duffy and others, 1961), 
reducing capacity to form about 2 g S~* per liter of 
brine. In addition, may subsurface waters are satu- 
rated^ with respect to methane (Buckley and others, 
1958), and inclusions in Mississippi Valley-type de- 
posits show evidence of a separate immiscible oily 
liquid ; this could have continued to supply reducing 
agents to the brine as fast as they were consumed. 

It has been suggested that organic complexes 
could also be responsible for transport of part of the 
sulfur itself, as sulfur-bearing organic compounds 
(Skinner, 1967) . This mechanism may have operated 
in some deposits, but in the Pine Point lead-zinc de- 
posits. Northwest Territories, Canada, Folinsbee, 
Krouse, and Sasaki (1966) found that the isotopic 
composition of sulfur in the pyrobitumens was con- 
siderably lighter than that of the ore. 

Dombrowski (1960, 1966) (see also Reiser and 
Tasch, 1960, and Kiihn, 1968) has reported the oc- 
currence of bacteria and bacteria spores, in part 
viable, in inclusions in halite from several deposits, 
including some of Paleozoic age. Such spores pre- 



sumably are present but are dormant in the brines 
as they move underground but would be available 
to resume normal metabolism whenever a change 
in the conditions permits. Unfortunately, however, 
there may be some ambiguity as to the origin of 
these bacteria, because halite is easily fractured 
and rehealed. Thus although the halite itself may 
have a bromine content indicating primary origin 
(not recrystallized), the occurrence of the inclusions 
(Dombrowski, 1966, p. 217) indicates fracturing 
and rehealing at some later time. Furthermore, the 
aseptic removal of the external parts of the rock- 
salt sample before bacteriological cultures are at- 
tempted, as reported, would not in itself preclude a 
relatively modern origin for the fluids, and bacteria, 
in these inclusions. 

Although no analyses have been made of inclu- 
sions for the various water-soluble organic mole- 
cules, it is probable that they have been present in 
at least some of these environments. As the rates 
of reaction vary widely for different organic struc- 
tures, it is possible that some of these may have 
been more effective reducing agents than either the 
methane or the oil. For example, glucose and other 
carbohydrates occur in Devonian sediments (Swain 
and Rogers, 1966), and solid calcium oxalate, 
whewellite, is known to occur with fluorite, calcite, 
dolomite, ankerite, barite, marcasite, quartz, and 
sphalerite in concretions in Paleozoic sediments 
(Hyde and Landy, 1966). A basic problem in inves- 
tigating such a possibility — in addition to the severe 
analytical difficulties (Hare, 1965)— is that the most 
effective reductants would be the very ones to be 
eliminated first from the solutions before trapping. 
Thus Drozdova, Yakubovich, and Konstantinova 
(1964) have shown that of the seven amino acids 
found in fossil organic matter from limestone host 
rocks for the Pokrovo-Kireev (fluorite) deposits, 
only three are found in the fluorite, presumably 
because of oxidation of the others during deposition. 

One fascinating aspect of carbon in fluid inclusions 
is the possibility that it might shed some light on the 
evolution of the "fluids" that have formed the car- 
bonatites and carbonate lavas. It has been shown 
(Roedder, 1965d) that the basaltic (?) melts from 
which the olivine and other minerals of olivine 
nodules have crystallized throughout the world were 
all saturated with respect to C0 2 and had minute 
droplets of a dense, supercritical CO- fluid phase in 
them, even at considerable depths. A coalescence of 
such droplets could provide the gas phase that ob- 
viously has been very important in the emplacement 
of most carbonatites and carbonate lavas (Dawson, 
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1962) and may also be the source of the carbonate 
itself. There has been only one detailed study of the 
fluid inclusions in the minerals of carbonatites 
(Evzikova and Moskalyuk, 1964; analyses 65 and 66, 
table 5). (See also Balashov and Pozharitskaya, 
1968.) Evzikova and Moskalyuk found that the liquid 
water inclusions contained high-potassium, bicar- 
bonate-rich salts, but aa water was not determined, 
concentrations could not be obtained. Liquid CO* 
has been found as inclusions in other carbonatites 
(Roedder, 1963b, p. 195, and 1965d, p. 1777) and 
probably will prove to be common when inclusions 
in these rocks are studied in detail. 

NITROGEN AND AMMONIA 

A variety of geochemical processes would be ex- 
pected to cause the concentration of nitrogen, both 
as elemental gas and as ammonium ion, in water- 
rich pore liquids and hence in inclusions (Letnikov, 
1968). Very few analyses of inclusion liquids list 
nitrogen compounds, and although nitrogen and 
ammonia are reported in many analyses of the gases 
evolved on heating rocks (table 3) , there are num- 
erous possibilities for contamination. The preval- 
ence of at least small amounts of both nitrogen and 
ammonia in those inclusion analyses where these 
components were determined indicates that they are 
probably common in inclusions, and it adds to the 
difficulty of interpreting analyses of nitrogen in 
rocks and minerals. Much or all of the fixed nitro- 
gen in sedimentary and metasedimentary rocks is 
undoubtedly of organic origin, and Florensky 
(1956) feels that the excess nitrogen in natural gas 
over that originally from the atmosphere as deter- 
mined from the argon-nitrogen ratio probably comes 
from biologic materials. However, primary nitro- 
gen does occur in magmatic rocks and minerals. 
Wlotzka (1961) found tens of parts per million 
nitrogen as ammonia in igneous rocks, particularly 
in the micas, where it substitutes for potassium in 
the interlayer sites (Vedder, 1965). Tovarova 
(1958) reports analyses of the salts obtained from 
water leaches of pyroclastic rocks showing that am- 
monium comprises 5 to 10 percent of the total 
cations. The occurrence of nitrogen in volcanic 
gases, however, is generally attributed to atmos- 
pheric contamination. 

Although the concentration of ammonium ion in 
hot spring waters is generally only a few parts 
per million (White, 1957a; Hewett and Fleischer, 
1960; Ellis, 1962; White, Hem, and Waring, 1963), 
Wlotzka (1961) found that chlorite and sericite 
formed by hydrothermal alteration had higher am- 
monium than the unaltered rocks, and the ammon- 



ium feldspar buddingtonite has apparently been 
formed by hot spring fluids at several mercury de- 
posits (Erd and others, 1964; Barker, 1964; White, 
1967). The ammonium content of the associated 
waters is high and sometimes exceeds 400 ppm 
(Roberson and Whitehead, 1961; White and Rober- 
son, 1962). Such ammonia need not originate with 
the hot spring fluids; Ellis and Mahon (1964, 1966, 
1967) find that the ammonia in rocks (along with 
CI, B, F, and As) can be removed easily in hydro- 
thermal laboratory experiments that result in only 
slight alteration, and they believe that it exists, to 
a large extent, on the surfaces of the rock minerals. 
Like nitrogen, it can also be derived from the dia- 
genesis and metamorphism of organic matter 
(Ivanov, 1958, 1960) in contact with hydrothermal 
fluids. 

Only a few determinations of ammonium in inclu- 
sions are recorded. Forster (1871), in one of the 
very early analyses, found ammonium in the distil- 
late from a Swiss smoky quartz. Wlotzka (1961) 
reports 22 and 27 ppm NH, in two pegmatite quartz 
samples. Loskutov (1962) reports ammonium com- 
pounds in inclusions in natrolite. The Japanese 
analyses of liquids from large vesicles in basalt 
(table 6, analyses 17-19) present more detailed in- 
formation on the nitrogen species present than in 
any other analyses, but as is pointed out in an earlier 
section, the origin of these fluids is somewhat in 
question. 

The most extensive study of nitrogen compounds 
in fluid inclusions is that of Kranz (summarized 
briefly in 1967; reported fully in 1968a). In this 
work he found that many different nitrogen-bearing 
compounds were released on crushing various feld- 
spar samples, including many organic amino com- 
pounds such as amines and nitrites of low molecular 
weight. He suggests that these originated from 
abiogenic chemical processes involving hydrocar- 
bons, ammonia and water in fluid inclusions, as a 
result of exposure to natural radioactivity. As such 
they pose serious questions concerning the usual 
interpretation of a biogenic origin for such com- 
pounds. 

From the available data, it is apparent that 
ammonium should be looked for routinely in all in- 
clusion analyses, as it is at least a possible consti- 
tuent to occur in fluid inclusions from almost any 
environment. As Haas (1966) has shown that am- 
monium can help in the difficult problem of trans- 
port of iron in hydrothermal fluids, possibly as a 
ferrous tetraamine complex (Fe(NH s ) ,+ z ), both 
NH 3 and NHr 1 should be sought. 
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A series of 17 analyses of fluorite and other vein 
minerals from various hydrothermal ore deposits re- 
ported by Klyakhin and Levitskii (1968) all show 
surprising amounts of ammonium ion. They report 
NH, in amounts up to 20 percent of the total cations 
present in the inclusion fluids, and they propose 
that it may play a significant role in the transport 
of ore metals. Klyakhin and Levitskii (1968) also 
quote an analysis by I. S. Gol'dberg (stated as 1963, 
but without reference) of an extract from galena 
of the third generation at the Takob fluorite-galena 
ore deposit, which showed appreciable ammonium. 
The analysis, stated in percentage equivalents, was 
Ca-«, 73.6; NH,^, 26.4; and Cl-\ 39.1; F _1 , 21.1; 
HCO.i -1 , 39.8. Several hydrothermal studies have 
shown that NH, +1 increases the solubility of various 
sulfides very greatly. Ptitsyn (1968) reports a solu- 
bility of 0.185 mole percent for sphalerite and for 
pyrrhotite in an ammonium chloride solution at 
380° C, and Laudise, Kolb, and DeNeufville (1965) 
report a solubility of about 60,000 ppm ZnS in a 5 
mole NH.Cl kg solution at 450°C. This was about 
70 times that found for a 4.5 mole NaCl/kg solution 
at the same temperature. 

SULFUR, SULFATE, AND SULFIDE 

Although not always stated, the sulfur analyses 
reported for fluid inclusions are commonly total sul- 
fur, expressed as sulfate. Both sulfide and sulfate 
sulfur are determined in some analyses of minerals 
and rocks (Ricke, 1960), but the small size of liquid 
inclusions has precluded determinations in such 
samples (Roedder and others, 1963). Except for the 
negative results of Maslova (1961), sulfide sulfur 
has not been determined in any liquid inclusion 
analysis, but the occasional evolution of H^S gas on 
opening indicates its presence. No attempts have 
been made to analyze for other sulfur species, al- 
though various sulfur-rich ore fluids have been 
proposed, for example polysulfides (Cloke, 1963) 
and bisulfides (Barnes, 1965). The total concentra- 
tion of sulfur and the ratios between the various 
sulfur species present in inclusions at room tempera- 
ture (or better, at the homogenization temperature) 
would be of great importance to many studies of 
the mechanism of ore transport and deposition. At 
present, analytical procedures are not adequate for 
these determinations on ordinary samples, and con- 
siderable effort should be put towards developing 
more sensitive analytical tools, particularly as some 
calculations by Eck and others (1966) show that 
rather surprising concentrations of such unexpected 
species as CS. and COS are present at equilibrium in 



the system C-H-0 with 0.0001 percent added S. (See 
also page JJ44.) Further indication that a variety of 
sulfur species are probably present in inclusions is 
given by the large number of polythionic acids found 
in some hot spring waters (Uzuma&a, 1965, p. 103). 

All that can be said with certainty at present is 
that although free H»S is known in inclusions from 
ore deposits and other environments, it occurs 
rarely, and it usually occurs only in small amounts. 
The principal evidence for this is the sensitivity of 
the human nose, which can detect approximately 
10-'« g of H ; S in 10 cm" of air. Even if only 0.1 
weight percent of inclusion fluid was present in a 
sample, and only 0.1 weight percent of this fluid 
was free H L .S, a recognizable odor of H S S would be 
released by the formation of only 1 cm* of new sur- 
face. Indeed, on mining such an ore, the released 
HjS would be a definite health hazard. H..S is 
present in some mining operations, particularly from 
H^S-bearing mine waters, but even where very 
strong odors are encountered the concentrations need 
not be high. The highest concentrations are in oil- 
field waters, some of which contain hundreds of parts 
per million H 2 S (White, Hem, and Waring, 1963). 
Some specimens give off an odor resembling H..S 
when fractured (see table 1), and it has also been 
found in the gases evolved from some rocks and 
minerals by various procedures (see tables 2 and 3), 
although these gases are not necessarily all from 
fluid inclusions. 

Sulfate is generally present in fluid inclusions, 
and in some examples it is the major anion; only 
rarely is it not detected. (See tables 5 and 6.) Al- 
though there is an unproven possibility that sulfide 
sulfur originally trapped in inclusions might be 
oxidized to sulfate by loss of hydrogen through dif- 
fusion, there is ample evidence that many of the 
fluids in nature were actually sulfate-bearing, at 
least at the site of ore deposition. Primary sulfates 
such as barite are common in low-temperature de- 
posits,"* and there is increasing evidence of the com- 
mon presence of primary sulfate (anhydrite and 
(or) gypsum) in high-temperature copper and mo- 
lybdenum deposits, for example, at El Salvador, 
Chile (J. P. Hunt, in Roedder, 1965c, p. 1398) ; 
Butte, Mont. (Charles Meyer, 1965) ; Christmas 
mine, Arizona (Perry, 1969) ; Hudson Bay Range, 
Canada (Kirkham, 1969) ; several Armenian de- 
posits (Karamyan and Faramazyan, 1959); the 
Noril'sk Cu-Ni ores, U.S.S.R., (Zolotukhin, 1962, 
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1965) ; the Alekseyevka copper deposit of the Cen- 
tral Urals (Stoliarov, 1964) ; the Kal'makyr deposit 
(Badalov, 1960) ; and the majority of North Amer- 
ican porphyry copper deposits (Guilbert and Lowell, 

1968) . Primary anhydrite (and gypsum?) appar- 
ently crystallized in some of the metamorphic quartz 
veins, as in Brazil, but frequently was preserved 
only as hollow casts of quartz retaining the anhy- 
drite crystal shape. Many of the "unidentified bi- 
refringent daughter crystals" reported in fluid in- 
clusions have properties appropriate for anhydrite, 
for example from the Bingham, Utah, porphyry 
copper deposit (Roedder and Creel, 1966) and pos- 
sibly also Cornwall, England (Sawkins, 1966b). Sul- 
fate would be expected particularly in fluid inclu- 
sions from late stage processes from igneous rocks 
high in sulfate. Gerasimovskii (1966) reports over 
1,000 ppm total sulfur in the agpaitic nepheline 
syenites of the Lovozero massif; over two-thirds of 
this was present as sulfate. Kawano (1948) reports 
the discovery of actual phenocrysts of anhydrite in 
glassy volcanic rocks from Himeshima, Oita pre- 
fecture, Japan. 

Although the solubility of anhydrite is generally 
low (<0.7 weight percent) (Bock, 1961) and retro- 
grade, Blount (1965) and Blount and Dickson 
(1969) have shown that the idiosyncrasies of the 
solubility curves for anhydrite even in the simple 
system CaS0 4 -NaCl-H 3 0 make it feasible for anhy- 
drite to crystallize from ascending, cooling hydro- 
thermal solutions, with a wide range of compositions. 
As such, it might be expected to form both as a 
daughter mineral and a gangue mineral in some ores. 

The presence of primary sulfate minerals and the 
sulfate in the fluid inclusions of an ore deposit do 
not, of course, require that the incoming solutions 
contain sulfate. Holland (1965) has shown that the 
relatively large sulfate content of fluids in inclusions 
from low-temperature hydrothermal minerals could 
be characteristic of the fluids and need not be pro- 
duced by secondary oxidation, but such oxidation 
must be common. There are a variety of possible 
oxidation mechanisms, for example, by mixing with 
oxygenated ground waters; regardless of the me- 
chanism, the resulting drastic changes in the ore 
fluids would generally cause precipitation of the ore 
metals (Barnes, 1965; Raymahashay and Holland, 

1969) . Similar oxidation of HjS to sulfate occurs in 
many hot spring and fumarolic areas, where it has 
gross effects on the pH of the waters (Ichikuni, 
1959) and may yield fluids with a pH of less than 
one (White and Roberson, 1962). (The reverse proc- 
ess, reduction of sulfate, is described briefly on page 



JJ61.) Although most hot spring minerals are rather 
unsatisfactory for fluid inclusion study, analyses 
of the sulfur species present in their inclusion fluids 
would be of considerable importance in reconstruct- 
ing the circulation patterns. 

Even if total sulfur is the only sulfur determina- 
tion that can be made on inclusion samples from ore 
deposits, the data are useful, as some of these fluids 
appear to be rather low sulfur or even "sulfur defi- 
cient" (total sulfur less than heavy metals). Thus 
the brines from the Salton Sea geothermal area in 
California (White, Anderson, and Grubbs, 1963; 
H. C. Helgeson, in Roedder, 1965c, p. 1385) carry 
far more heavy metals than sulfur. The low sulfur 
may be due to a loss of H 3 S to a through-streaming 
gas phase (D. E. White, in Roedder, 1965c, p. 1394; 
White, 1968a, 1968b). Raymahashay and Holland 
(1969) calculate that the total dissolved sulfur in 
solution in the ore fluids at Butte, Boulder, and Ely 
probably was less than 10~ 2 mole/kg solution 
(-600 ppm). Ingerson (1954) proposed a mechan- 
ism (discussed in detail by Lovering, 1961), involv- 
ing two different fluids in the formation of sulfide 
deposits, either sequentially or by mixing. One is 
assumed to be sulfur bearing, and the other contains 
the metal ions and is sulfur deficient. Beales and 
Jackson (1966) and Jackson and Beales (1967) 
have extended this concept to the Mississippi Valley- 
type ore deposits. While such a mechanism avoids 
the difficulties inherent in trying to carry both sulfur 
and the metals in the same solution, the fluid inclu- 
sions from two ore deposits (southern Illinois and 
Creede, Colo.) have been analyzed for both sulfur 
and heavy metals, and in each case, both have been 
found in significant amounts (Roedder and others, 
1963, p. 368; Roedder, 1965a, p. 381 ; and Czamanske 
and others, 1963). 

Ermakov (1965b) analyzed two leaches made 
from crushed pegmatitic fluorite containing inclu- 
sions with up to 13 recognizable daughter minerals, 
including some opaque phases. (See Roedder, 1963b, 
p. 176 and 180-181.) As he found heavy metals but 
no detectable sulfate in either the first, water leach, 
or the second, hot, 0.1 percent HNO s leach, he as- 
sumes (p. 153) that the daughter minerals do not 
include sulfides. Not uncommonly, however, nitric 
acid solution of metallic sulfides yields insoluble 
elemental sulfur instead of sulfate. 

FLUORINE 

Comparatively few determinations of fluorine 
have been made on fluid inclusion samples, owing 
mainly to the analytical difficulties. (See tables 2, 3, 
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4, 5, 6, and 8.) Some of these determinations are of 
the gases SiF« and F evolved on heating or crush- 
ing fluorite (Sine, 1925; Assadi and Chaigneau, 
1962; Chaigneau and Assadi, 1963; Kranz, 1965, 
1966). Kalyuzhnyi (1961) reports large amounts 
of SiF a -* (and F~>) in pegmatitic topaz, quartz, and 
barite, and occasionally F~' is determined on leach 
samples. Heinrich and Anderson (1965) and Hein- 
rich and Dahlem (1965) have found a variety of 
fluorine-bearing compounds in the gases evolved 
from a fetid, fluorite-bearing carbonatite associated 
with an assemblage of fluoride minerals such as cry- 
olite and weberite. 

Like boron, fluorine would be expected in many 
types of natural water-rich fluids, particularly resi- 
dual liquids from the crystallization of metamorphic 
and siliceous igneous rocks (Kogarko and others, 
1968). Fluorine is probably a rather common major 
constituent in pegmatitic and skarn environments. 
Detailed studies of daughter minerals in inclusions 
in such samples (see pi. 12) has resulted in the 
identification of a variety of fluorides (Kalyuzhnyi, 
1956, 1958a; Lemmlein and others, 1962; Ikorskii, 
1966a) and fluoborates (Slivko, 1955, 1958). The 
total concentration of fluorine in such fluids at the 
time of trapping is unknown, but the volume of fluo- 
ride daughter crystals alone requires rather large 
amounts of fluorine, without even considering the 
fluorine content of the liquid phase. Fluorite is 
usually considered to be relatively insoluble, but it 
has been reported as a daughter mineral in aqueous 
inclusions (table 1), as well as in glass inclusions 
(Roedder and Coombs, 1965), and Anikin and 
Shushkanov (1963) have shown experimentally that 
up to nearly 0.2 weight percent of fluorite will dis- 
solve in hot brines under pressure. The residual 
liquids from some alkalic magmas are high in fluo- 
rine and may actually crystallize villiaumite (NaF) 
as a primary phase (Kogarko, 1961, 1964), although 
later hydrothermal or zeolitizing solutions may dis- 
solve it (Gerasimovskii, 1963). Ikorskii (1966a) 
reports that daughter crystals of villiaumite, plus 
organic matter, occur in abundant inclusions in 
various rock-forming minerals of the alkalic rocks 
in the Khibina massif, and these same minerals 
also contain solid inclusions of villiaumite. 

Determinations of fluoride on leach solutions have 
been made from a few samples and are generally 
very low. Ikorskii (1966a) found up to 200 ppm 
total water-soluble fluorine in the Khibina rocks. 
However, this includes villiaumite (NaF) as solid 
inclusions, as well as that as a daughter mineral in 
organic inclusions. Chlorine/fluorine ratios are 



seldom under 100 (Polykovskii, 1962a) except for 
leaches from fluorite samples, where the solubility 
of the host mineral precludes a valid determination 
of the inclusion fluoride content (Grushkin and 
Prikhid'ko, 1952; Grushkin, 1958). The high cal- 
cium concentration of many inclusion fluids would 
be expected to suppress the concentration of fluoride 
in solution, and unless considerable care is used to 
exclude all possibility of sample contamination with 
calcite, precipitation of part of any fluoride present 
in the fluid might occur during leaching. 

In view of the experimental evidence that fluorine 
may aid in the transport of tin (Barsukov, 1967), 
analyses for fluorine in inclusions from tin deposits 
are important. Sushchevskaya, Barsukov, and Trusi- 
kova (1966) report 39 analyses for fluorine on leach 
samples from various deposits of Myao-Chan ; many 
of these show more than 1 g of fluorine per liter of 
original inclusion fluid. Although the methods of 
sample preparation, extraction, and analysis are not 
stated, it should be mentioned that a small fraction 
of a milligram of solid fluorite in the original sample 
could dissolve in the leach water to yield an apparent 
fluorine content in this range. 

It is possible that some fluorite ores have been 
formed by hot spring waters like those currently as- 
sociated with the deposits, for example, at the Pon- 
cha fluorspar deposits in Colorado (Russell, 1947; 
Steven, 1960; Edwin Roedder, in U.S. Geological 
Survey, 1967, p. A160; see also White, Hem, and 
Waring, 1963, p. F50-F51). Here the waters con- 
tain 12 ppm F and 17 ppm Ca, which is not far from 
normal saturation with respect to CaF 2 . A very 
sensitive method and very careful extraction proce- 
dure would be required for fluorine determinations 
on such solutions, if they are present as fluid inclu- 
sions. Thus a selected 10-g sample containing 12 mg 
of this fluid as inclusions would contain only 
10X10 - ' g fluorine. Contamination from solid fluorite 
in the sample, in the amount of only 10 parts per bil- 
lion could double the amount found on analysis. Kalyu- 
zhnyi and Lyakhov (1962) report that minute grains 
of fluorite occur as solid inclusions in many pegma- 
tite minerals, and hence the fluoride analysis on any 
leach solution from such minerals would provide 
only a maximum value. 

CHLORINE AND HEAVIER HALOGENS 

Chlorine enters the structures of some rock 
minerals, particularly the micas and amphiboles, and 
occasionally halite may be found in metamorphic 
rocks (Engel and Engel, 1953), but the bulk of the 
chlorine reported in ordinary rock analyses prob- 
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ably occurs in the fluid inclusions (Roedder, 1958, 
p. 240). Thus a bulk sample of granite blocks in a 
volcanic breccia from Ascension Island showed 
only 0.054 percent CI, but some individual feldspar 
crystals from this rock had a sufficiently high con- 
centration of daughter crystals of halite in the fluid 
inclusions (see pi. 4, fig. 4) that the three strongest 
lines for halite were found in the X-ray powder pat- 
tern (Roedder and Coombs, 1967). The residual 
water-rich fluids in many igneous and metamorphic 
processes are high in chlorine (Koster van Groos, 
1966; Koster van Groos and Wyllie, 1969; Pavlov, 
1962) , and it is probable that the high chlorine micas 
and amphiboles that have been found (Lee, 1958; 
Krutov, 1936, 1960; Geijer, 1961) merely reflect 
special very high chlorine environments. 

Some igneous rocks are particularly high in 
chlorine, and J. F. Lovering (1966) reports 0.69± 
0.03 percent CI in the glassy matrix of a pantellerite. 
Magmatic differentiation of such a system must cer- 
tainly yield high chloride brines, as experimental 
studies at magmatic temperatures and pressures with 
granite (Gammon and others, 1967) and albite (Kos- 
ter van Groos and Wyllie, 1969) have shown a very 
strong partitioning of chloride into the fluid phase, 
yielding very strongly saline fluids. At very high 
chloride concentrations actual silicate-chloride im- 
miscibility can be expected (Delitzyn and Melentiev, 
1968; Roedder, 1970b). Fluid inclusions provide evi- 
dence that late magmatic brines carrying over 50 
percent NaCl by weight are not uncommon (pi. 4, 
fig. 4 and pi. 11, figs. 1-4), and there is also evidence 
that such high chlorine solutions have added vast 
quantities of chlorine to some contact zones, in the 
form of scapolite and other minerals (Edwards and 
Baker, 1953; Krutov, 1960). Presumably the bulk 
of the chlorine in solution passed on through, ex- 
cept for that trapped in the fluid inclusions. The 
ultimate fate of such sodium chloride brines must 
be at the surface, but there are many possibilities 
for chemical change by dilution or by fractionation 
through boiling en route, 

Ellis and Wilson (1960, p. 613) believe that the 
primary magmatic steam at Wairakei, New Zealand, 
contained about 1.5 percent chlorine. In the pure 
system NaCl-H 2 0 such a vapor composition cannot 
be obtained below about 400° C (Sourirajan and 
Kennedy, 1962) but if HC1 gas is involved, rather 
than NaCl, much higher concentrations are pos- 
sible. Thus Murata (1966) reports a 1.9 iV HC1 solu- 
tion was formed by the condensation of vapors from 
the degassing of a basaltic cinder cone at Kilauea 
Iki. On contact with most rocks, such fluids would 



rapidly exchange their H+> for Na+», Ca+*. and 
Mg+ l . 

Although chloride is the major anion in most 
inclusions from ore deposits, and chloride complexes 
are commonly considered in discussions of ore metal 
transport (Helgeson, 1964; Helgeson and Garrels, 
1968), other anions such as HCO*- 1 or SO,-* occa- 
sionally are present in greater amounts. (See ta- 
bles.) As the analyses listed in the tables were se- 
lected in part to show the range in composition, such 
atypical analyses are overrepresented. Thermal 
waters associated with volcanism may be very low 
in chlorine relative to sulfur (White, Hem, and War- 
ing, 1963), but such fluids have not been recognized 
in inclusions. 

In view of the usefulness of the ratios Br/CI, 
I /CI, and Ca Br in understanding the nature and 
source of various waters (Ellis and Anderson, 1961; 
White, Hem, and Waring, 1968; Braitsch and Her- 
mann, 1963; Krasintseva, 1964; Anderson and 
others, 1966) it is unfortunate that other than those 
by Holser (1963), almost no determinations of 
either bromine or iodine have been made on inclu- 
sions. The ratios B/Cl and F/Cl are also of some 
interest, but they are seldom determined. Although 
bromine, iodine, boron, and fluorine are all rather 
minor constituents of inclusions, it is hoped that the 
newer analytical techniques, particularly neutron 
activation, will soon provide reliable analyses of 
these even at the levels expected in inclusion samples. 

ISOTOPIC STUDIES 

The data available on the isotopic composition of 
inclusion fluids are so very limited that few general- 
izations are possible. Carbon isotopic ratios have 
been determined for gases, presumably from gas 
inclusions, in the Kola Peninsula rocks (Lebedev and 
Petersil'e, 1964: Galimov and Petersil'e, 1967; 
Alekseyev and others, 1967; Galimov, 1967) and for 
carbon dioxide gas from the Laacher See carbonatite 
district in Germany (Taylor and others, 1964; see 
also Deines and Gold, 1966). Studies of the isotopic 
composition of carbon from the bitumens of the 
Khibiny massif (Zezin and others, 1967) indicate 
that these substances have not been derived from 
the surrounding Proterozoic shale. It is probable that 
measurements of carbon isotopic ratios will do much 
to clarify the source of several of the forms of car- 
bon in magmatic rocks, including the C0 2 inclusions 
in olivine nodules, free carbon, carbonatite carbon 
(for example Vinogradov and others, 1967), hydro- 
thermal vein carbonate, and even diamonds. 

Rye (1964, 1965) has studied the carbon and oxy- 
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gen isotopes in various stages of hydrotherraally 
deposited calcite at Providencia, Mexico. These stud- 
ies were extended (Rye and O'Neil, 1968) to in- 
clude these same isotopes in the inclusion fluids, in 
an attempt to understand the ore-forming process 
more fully. Such data are complicated by partial iso- 
topic exchange between the hot fluid and the wall- 
rock (White, 1965b; Anderson, 1966; Garlick and 
Epstein, 1966; Taylor and Epstein, 1968) and by 
very slow exchange rates between certain species in 
solution, for example oxygen between H 2 0 and SOr 1 
(Lloyd, 1968). In addition, exchange may occur with 
at least some of the host minerals, on cooling ; Clay- 
ton and others (1964, 1966) have shown that even at 
the temperatures prevalent in sedimentary basins, 
the connate waters have exchanged oxygen with sur- 
rounding carbonates. Clayton, Muffler, and White 
(1968) have shown such exchange to have occurred 
at 150°C or even lower between rock and brine in 
the Salton Sea geothermal area, J. R. O'Neil and R. 
O. Rye (U.S. Geological Survey, 1967, p. A169- 
A170) and Rye and O'Neil (1968) have shown it to 
occur, on cooling, between inclusion fluid and host 
quartz and calcite at Providencia, Mexico. Such ex- 
change might even be used to estimate relative 
quantities of solution and rock, but the techniques 
available now for determining carbon and oxygen 
are not very adequate to handle the small size of 
inclusion samples. Improvements can be expected 
(O'Neil and Epstein, 1966; J. R. O'Neil and R. O. 
Rye, in U.S. Geological Survey. 1967, p. A169- 
A170). 

The greatest volume of isotopic data on inclusion 
fluids is on the deuterium-hydrogen ratio (table 
3). As most of the minerals studied are anhydrous, 
isotopic exchange problems are eliminated, but Jen- 
sen (1953) has pointed out that if any diffusion of 
hydrogen occurs out of an inclusion, isotopic frac- 
tionation can, of course, be expected. Graf, Fried- 
man, and Meents (1965) have suggested that some 
isotopic fractionation of hydrogen and oxygen oc- 
curs in formation waters as they move through 
shales. D/H ratios on inclusions have proved useful 
in following the stage of evaporation of salt brines 
(Holser and others, 1963), but as the liquid-vapor 
fractionation has a cross-over point at 223°C, above 
which normal fractionation is reversed and the 
heavier species HDO concentrates in the vapor phase 
(Bottinga and Craig, 1968), uncertainty as to the 
temperature at which evaporation (or boiling) has 
occurred will cause ambiguity in any extrapolation 
to elevated temperatures. D/H ratios have also re- 
vealed that the fluids from amygdules in Japanese 



basalts have isotopic compositions very similar to 
those of the surface waters of the same region 
(Kokubu and others, 1961). Hall and Friedman 
(1963) present 33 D/H analyses of inclusion fluids, 
from two areas of Mississippi Valley-type deposits. 
These show a consistent relation of D/H ratio with 
the stage of deposition. Such data, particularly 
when tied to other inclusion studies and detailed 
mineral paragenesis and spatial distribution studies, 
may help to delineate the circulation patterns and 
the origin of the ore-forming fluids. 

Perhaps the most important problem involved in 
the use of isotopic studies to understand the circula- 
tion patterns in ore deposition lies in the ambiguity 
as to the origin and initial composition of the water 
before any exchange occurred. Thus there is isotopic 
evidence that the ore fluids at some hydrothermal 
deposits were of magmatic origin, as at Providencia, 
Mexico (Rye, 1965), whereas others were of mete- 
oric origin, as at the Bluebell mine, British Columbia 
(Ohmoto, 1968a; Ohmoto and Rye, 1968), but both 
have presumably been involved in some isotopic ex- 
change. Simultaneous studies of the isotopes of hy- 
drogen, oxygen, carbon, and sulfur, in both inclu- 
sions and minerals, may eliminate some of the am- 
biguity. 

HIGH CONCENTRATIONS 

Of all the results obtained from fluid inclusion 
studies, the most unusual and perhaps unexpected is 
the evidence of the rather common occurrence of 
exceedingly strong brines in nature — brines that are 
more concentrated than any now found at the sur- 
face. Cubes of halite in secondary fluid inclusions 
from metamorphic and igneous rocks have been re- 
ported so often and are so widespread in occurrence 
(table 1) that they are generally ignored. Yet they 
require that fluids containing more than 26 weight 
percent NaCl were present in these rocks, at some 
time in their history. 40 (See pi. 4, fig. 4). The vol- 
ume of fluid was small, but as long as it was present 
as a separate phase, generally occupying the pores 
and intergranular films that are now measured as 
rock porosity, it would continue to approach equi- 
librium with the mineral assemblage under chang- 
ing conditions. The high concentrations of chloride 
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would have comparatively little effect, other than 
driving more chlorine into certain rock minerals and 
lowering the activity of water. But the cations pres- 
ent in this fluid would be of very great significance 
in controlling, or at least registering, the composi- 
tion of the mineral surfaces involved; they may 
greatly affect the solubility of ore elements (Roed- 
der and Coombs, 1967. p. 446; Ryabchikov, 1967) ; 
and they may control the structural state of the al- 
kali feldspars (Martin, 1969). 

The fact that many— but not all (see, for exam- 
ple, Roedder and Coombs, 1967, and pi. 4, figs. 7, 
8) — of these strong brine inclusions in such rocks 
are secondary features has often been used to de- 
grade their significance, but this very fact makes 
them that much more likely to be pertinent to the 
problems of various late-stage magmatic and meta- 
morphic phenomena such as the formation of grei- 
sens, pegmatites, and ore deposits, as well as various 
"deuteric" alteration processes such as albitization, 
sericitization, chloritization, and argillization. (See 
pi. 2, figs. 1-6; pi. 3, fig. 1; pi. 4, figs. 1-4, 7-8; pi. 5, 
fig. 2; pi. 7, fig. 12.) Within any of these categories, 
inclusion studies may indicate that there have been 
wide variations in the composition of the fluids pres- 
ent, but the significance of these variations is not 
yet clear. Studies of rock alteration in hot spring 
areas (Sigvaldason and White, 1962; White and 
Hoberson, 1962; White and Sigvaldason, 1962) have 
shown that many of the alteration assemblages com- 
mon in the wallrocks of ore deposits may also be 
formed by hot spring waters of low salinity. In 
some geothermal areas oxygen isotope evidence in- 
dicates that boiling of brines has occurred (Craig, 
1966a, b) ; this could lead to a wide range of solu- 
tion concentrations (pi. 4, figs. 1-3). 

Thus in the formation of late-stage miarolitic 
vugs, vuggy pegmatites, and quartz veins from 
granitic magmas, there is ample evidence from 
freezing data (Roedder, 1963b) and from a num- 
ber of the chemical analyses in which valid water 
determinations were made (see table 6), that many 
of the fluids responsible were dilute water solu- 
tions, in part carbon dioxide bearing. The total con- 
centration of salts (mainly NaCl) seldom exceeded 
1 molar sodium chloride equivalent. Yet there is 
also a considerable body of evidence, mainly from 
studies of daughter minerals in inclusions, that dur- 
ing some of these same processes, and even in the 
same deposits or samples, highly concentrated brines 
existed, with 30, 40, or even more than 50 weight 
percent salts in solution. In addition, these salts 
usually differ, rather grossly, from those of the more 



dilute solutions and contain, not infrequently, many 
exotic constituents. (See table 1, and particularly 
Zakharchenko, 1950; Ermakov, 1950a; Kalyuzhnyi, 
1956, 1958a; and Lemmlein and others, 1962.) The 
fact that most of this work involves qualitative iden- 
tification and only semiquantitative estimates of the 
amounts present does not detract from its impor- 
tance ; the difference between the two types of fluids 
is obvious and real. It is not known whether these 
differences are a result of phase changes (such as 
boiling), crystallization path differences (Koster 
van Groos and Wyllie, 1969), or merely represent 
spotty sampling of a complete spectrum of such 
compositions during any given event. In any case, 
further study of inclusions shows considerable 
promise in resolving the many complications in these 
processes. 

Similar ranges in total salt concentrations, al- 
though apparently with less variation in salt com- 
position, are found for hydrothermal ore deposits. 
Freezing data and complete chemical analyses of 
such fluid inclusions (Roedder, 1963b, 1967a; Roed- 
der and others, 1963) show that many ore deposits 
formed from dilute fluids, generally containing less 
than 10 weight percent salts. Yet some deposits 
formed from concentrated brines, as indicated by the 
listing of daughter minerals in table 1. (See partic- 
ularly Lindgren and Whitehead, 1914; Koltun, 1958; 
Takenouchi, 1962b; Sawkins, 1963, 1966b; Roedder 
and Creel, 1966; and Dolomanova. 1966.) (See also 
pi. 3. fig. 1; pi. 4, fig. 1). 

Although these occurrences may all be related to 
specific though accidental local conditions, such as 
boiling, one group of deposits is characterized by 
solutions of high concentration. The Mississippi Val- 
ley-type of deposit seems to have formed from 
strong, but generally unsaturated 41 sodium-calcium- 
chloride brines (Roedder, 1963b, 1967a, 1968c, d; 
Roedder and others, 1963 ; Hall and Friedman, 1963 ; 
Khodakovskiy, 1965; White. 1968b; and the many 
papers presented at a symposium on these deposits, 
in New York, 1966 (J. S. Brown, 1967)). Any 
theory of origin for these important but rather 
anomalous deposits that is worthy of consideration 
must be able to explain, or at least not be in con- 
flict with, the data on inclusions. Of the many theo- 
ries that have been proposed, some would have the 
deposits formed from relatively fresh ground 
waters, and others would invoke formation from 
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ocean waters (or formation from the dilution of 
submarine hydrothermal fluids with sea water — see 
Ivanov, 1966). Yet, extensive studies of primary 
inclusions in these deposits indicate formation from 
brines that are consistently at least five times as 
concentrated as sea water. The available data seem 
to favor a nonmagmatic origin for most of the con- 
stituents of such brines, although there is much 
disagreement on the subject. 

It is reasonably certain, however, that fluids of 
this type can and do form, in sedimentary rocks, by 
normal diagenetic and later processes (White, 
1965a; Valyasko and Vlasova, 1965). In particular, 
high concentrations can be achieved in nature by 
selective preferential filtering of the water mole- 
cules through fine-grained sediments, leaving be- 
hind fluids enriched in the dissolved ions, to the 
extent that some natural brines actually precipitate 
salts on cooling to surface temperatures (Pinneker, 
1964). A more obvious source of high salinites is 
sometimes found in the solution of evaporite beds 
along the path of circulation, as has been proposed, 
for example, for the hot, metal-bearing brines oc- 
curring in pockets at the bottom of the Red Sea 
(Craig, 1966b), and evaporite salts may be present 
even in metamorphic terraines (Engel and Engel, 
1953; Brown and Engel, 1956). Davidson has in- 
voked hot brines, from the solution of evaporites, 
as the ore-bearing fluids for the formation of vari- 
ous strata-bound copper deposits (1964, 1965a) and 
the uraniferous and auriferous conglomerates 
(1965b). In addition to the evidence from fluid in- 
clusions, Davidson (1966) shows that there is a 
strong correlation between the occurrence of these 
highly saline brines and known evaporite sequences. 
Dunham (1966) also uses some of these same data 
on the composition and homogenization temperature 
of inclusions in the North Pennine ore field (Saw- 
kins, 1966a) to support a magmatic source for the 
solutions. 

The high salt concentrations in some inclusions 
in ore deposits are also a factor in the ability of the 
fluids to form soluble complexes of the ore metals, 
but here there are also many unanswered questions. 
(See Roedder, 1965c.) Although considerable prog- 
ress has been made in the procedures for the calcula- 
tion of the degree of formation of such complexes 
(Helgeson, 1964), the bulk of the experimental work 
on fundamental properties and on solubilities that 
might be used for checking has been in lower ranges 
of temperature, pressure, or concentration of solutes. 
Some unexpectedly high solubilities have been meas- 
ured, even in brines of simple composition, and 



other high solubilities will probably be found. (See 
discussion on "Heavy Metals.") 

An additional aspect of the concentration of in- 
clusion fluids that is commonly forgotten is the 
solubility of the walls of the inclusion itself, on re- 
heating to the temperature of homogenization. Care- 
ful studies by Lemmlein (1950a), Lemmlein and 
Kliya (1952a), and Lemmlein, Kliya, and Ostrov- 
skii (1962) have shown that not only do very large 
amounts of relatively insoluble daughter minerals 
dissolve, but also that very significant quantities 
(tens of weight percent) of the quartz or topaz host 
mineral dissolve in these complex brines (pi. 8, figs. 
2-6). Anderson and Bumham (1962, 1965) have 
shown that only about 1 weight percent silica is solu- 
ble in pure water vapor at 500 'C, but much higher 
amounts dissolve at temperatures over 1000°C (Ken- 
nedy and others, 1962) . A number of hydrothermal 
investigations have shown, however, that even at 
low temperatures, up to several orders of magnitude 
more silica (and other materials) may dissolve in 
water vapor if other components, such as the alka- 
lies, are also present. 

The salt concentrations in fluid inclusions are of 
importance in one further regard. Along with the 
pressure and the temperature of the fluid, the salt 
concentration controls the density of the fluid 
(Klevtsov, 1959; Lemmlein and Klevtsov, 1956b, 
1961 ; Sourirajan and Kennedy, 1962; Ellis and Gold- 
ing, 1963 ; Unterberg, 1966, fig. 2; Fabuss and others, 
1966). An example is found in Craig's proposal 
(1966b) that the hot brines at the bottom of the 
Red Sea have flowed underground from 1,000 km 
south, under a hydrostatic head based on differences 
in salinity. Fluid inclusions permit reasonably ac- 
curate and unambiguous estimates of the density of 
the fluids at the time of trapping, and there does not 
appear to be any other source for such information. 
If the relative volumes of crystal, liquid, and gas 
phases are determined at room temperature, by 
using tubular, flat, or geometrically regular inclu- 
sions, the density of the originally homogeneous 
fluid can be calculated. Volume changes from ex- 
ternal or internal pressure, and from thermal expan- 
sion of the host, are negligible compared to the 
effects of composition and inaccuracies in phase 
volume measurement (fig. 3 and pi. 11, figs. 7, 8). 
The composition of the fluid is of considerable im- 
portance, not only in the obvious matter of deter- 
mining its density at room temperature, but also in 
controlling its thermal expansion and hence density 
at the temperature of homogenization, as well as its 
compressibility at still higher pressures. 
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Some minerals have formed from very low den- 
sity fluids, less than 0.5 g/cm*, as evidenced by large 
numbers of inclusions with uniformly low liquid/gas 
ratios. Even at these low densities, there apparently 
can be considerable solubility and dissociation of 
dissolved salts (for example, Fogo and others, 1954; 
Quist and others, 1963). The numerous reports of 
"dry" gas inclusions in some samples do not require, 
however, that the minerals formed from such low 
density media, as only the gas phase may have been 
trapped during boiling or effervescence (pi. 9, fig. 
4). 

On the other hand, some fluid inclusions with large 
daughter crystals show densities as high as 1.5 g 
cm 3 (for example, 50 percent liquid, 40 percent NaCl 
crystal, and 10 percent gas, by volume at room tem- 
perature; see also pi. 3, figs. 3, 4). Most hydro- 
thermal ore deposits have formed from fluids in the 
range of 0.5 to slightly over 1.0 g/cm". The sig- 
nificance of these density measurements lies in the 
very great effect the density has in controlling or 
preventing circulation and mixing of such hot brines 
with overlying cold fresh waters at density 1.0. 

HEAVY METALS 

Very few analyses of fluid inclusions list deter- 
minations of the heavy metals (tables 3, 4, 5, 6, and 
8). Most of these have been qualitative or semiquan- 
titative spectrographic determinations on the resi- 
dues from the evaporation of water (and even HC1) 
leaches of large crushed samples, cleaned by only 
simple washing, and hence they are subject to rather 
gross contamination from a variety of sources. In 
addition, many of the results have been sufficiently 
low so that they were near what might be expected 
on a "blank," although a truly valid blank determina- 
tion is difficult to arrange. Balitskii and Lyubofeyev 
(1962) report spectrographic determinations on 
powdered quartz from an ore deposit that show a 
gross drop in the amounts of various heavy metals 
present, after leaching with water (table 5) , indicat- 
ing water-soluble constituents. As specimens from 
mineral deposits frequently have minute inclusions 
of ore minerals, and have presumably been bathed 
in metal-bearing mine waters for considerable 
periods of time, rather stringent sample selection 
and cleaning procedures are needed to avoid ambig- 
uity in such determinations (Roedder, 1958). 

Arnautov and others (1965) report very appre- 
ciable concentrations of Mn, Fe, Ni. Ti (and Al) in 
the fluid inclusions of a chambered fluorite-bearing 
pegmatite (table 5, analyses 60-62). These analyses 
were made of samples that had been boiled in aqua 



regia and then washed with doubly distilled water, 
before crushing, sieving, and leaching for release of 
the inclusion contents. Unfortunately, however, sim- 
ple washing is generally inadequate to remove the 
acid from cracks, along with the impurities it dis- 
solved as it moved into the sample. Samples of 
acid-leached quartz, of -10 mesh size, were still 
appreciably contaminated after several days of 
leaching with water, and they required electrolytic 
treatment for final cleaning (Roedder, 1958. p. 241). 

Lead in particular has been reported in spectro- 
graphic analyses of numerous inclusion samples and 
residues. (See table 3.) Although contamination is 
very difficult to avoid, it is reasonable to expect that 
lead was present in appreciable concentrations in at 
least some late-stage igneous processes, as Zhirov 
and Stishov (1965) have shown that amazonitiza- 
tion of microcline commonly has resulted from the 
introduction of lead into the feldspar. 

Khitarov and Moskalyuk (1955, table 1) found 
no lead in leaches from 15 galena samples, but they 
report one determination (p. 129) in which the 
amount of lead found (150.9 mg from 100 g of 
galena or 1,500 ppm) was greater than the sum of 
all other cations and anions ; this analysis was con- 
firmed by several chemists. As the major anion was 
chloride, solid inclusions of the sparingly soluble 
lead chloride cotunnite were suspected. The authors 
believe that this possibility was excluded by certain 
leaching experiments. But their description (p. 129- 
130) of the highly irregular distribution of samples 
showing these high soluble lead determinations, even 
in a single specimen, would be expectable if cotun- 
nite were present in irregular distribution; it is very 
difficult to explain (as they do) on the basis of lead 
chloride in solution in the fluid inclusions. Seeliger 
(1950) has found tiny solid contunnite inclusions 
to be deeply embedded in the galena of certain Ger- 
man ore deposits, and depending upon the material, 
it might be difficult to set up a sample preparation 
procedure involving grinding and leaching such that 
all cotunnite present will be exposed and removed, 
but the fluid inclusions will be left sealed, to be 
opened on further grinding. 

Heavy metals have been determined in a number 
of thermal waters, some of which may be related to 
ore deposits. With comparatively few exceptions, 
Pb, Zn, Cu, Sb, Hg, and Mn show maximum values 
of about 1 ppm (Minami and others, 1957; Hewett 
and Fleischer, 1960; Ritchie, 1961; White and Rob- 
erson, 1962; Hewett and others, 1963; Cadek and 
Malkovsky, 1963; Uzumasa, 1965). Arsenic concen- 
trations up to 8.5 ppm are reported by Ritchie for 



Digitized by Google 



COMPOSITION OF FLUID INCLUSIONS 



.1.171 



New Zealand thermal waters, and up to 0.057 ppm 
Ag was found in some Japanese hot springs (Koga, 
1957). White (1965a, 1965b) lists other analyses 
for these and additional metallic elements from a 
variety of geothermal fluids. Although fluids of such 
low concentration are adequate to form large ore de- 
posits, when flowing for geologically reasonable rates 
and times (Roedder, 1960b, p. 226; White and Rob- 
erson, 1962, p. 423; Davidson, 1965a, p. 951), White 
(1965b, p. 433) believes that the low metal concen- 
tration might indicate that these are spent residues, 
from the precipitation of base-metal ore deposits 
below currently explored depths of drilling in the 
thermal areas (50 to 1,200 meters). 

The heavy-metal content of the ore-forming fluid 
is obviously of considerable importance in under- 
standing the mechanism (s) of ore-metal transport 
and precipitation and in making semiquantitative 
guesses as to the plumbing system needed to bring 
the ore in. Any heavy metals present in the ore fluid 
trapped in an inclusion during the formation of an 
ore deposit must either (1) precipitate upon cooling 
to surface temperature or (2) still be in solution. 

Inclusions in transparent ore and gangue minerals 
permit us to estimate the amount of precipitation 
that has occurred, as simple optical evidence of the 
occurrence of solid opaque daughter minerals, pre- 
sumed to be ore minerals, gives us an exceedingly 
sensitive test (Roedder, 1960b). The generally rare 
occurrence and small size of these opaque daughter 
minerals 42 indicate that the amount of precipitation 
of ore metals from the ore fluids must be rather 
low, usually less than 1 to 10 ppm, but there are 
some high temperature inclusions in fluorite from 
chambered pegmatites in the U.S.S.R. that have 
precipitated more than 1 percent of sulfides (for 
example, Roedder, 1963b, p. 181), and ore fluids 
with over 50 percent iron have been proposed (In- 
gerson and Mackin, 1961 ; Ingerson, 1965) . Ermakov 
( 1965b) has determined several of the heavy metals 
in inclusions from the chambered pegmatites, using 
semiquantitative spectrographs analysis of leach 
residues from a water and an acid leach, presum- 
ably in sequence of the same sample. He found that 
Cr, Cu, Fe, Mn, Ni. and Pb were one or more orders 
of magnitude larger in the acid leach. 

Not all daughter crystals containing heavy metals 
need be opaque. Kalyuzhnyi (1958a) recognized 
caracolite (PbOHCl«Na s S0 4 ) and a new, unnamed 
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chloride of aluminum and zinc. Lyakhov (1966) 
used X-ray diffraction to identify a colorless highly 
birefringent daughter mineral as FeCl 2 '2H L .0 (un- 
named), in inclusions in smoky quartz from Volynia, 
and reports an analysis of over 1 percent iron in 
solution in the liquid phase. Kalyuzhnyi and Voznyak 
(1967) also report FeCl s «2H»0 as a daughter min- 
eral in pegmatitic quartz, and they verified the 
presence of both ferrous and ferric iron by qualita- 
tive tests. Cassiterite and hematite inclusions were 
present in some samples. Kalyuzhnyi and Lyakhov 
(1962) report the common occurrence of very min- 
ute solid inclusions of cassiterite in various pegma- 
tite minerals, and hence these might be expected 
also as daughter crystals. Many other rare minerals 
containing heavy metals have yet to be reported as 
daughter minerals but might be expected, such as 
the zinc analogue of d'ansite (ZnSO,*3NaO 
9Na,S0 4 ) (Burzlaffand Hellner, 1961). 

The amount of metal still in solution is more dif- 
ficult to estimate. Although most of the spectro- 
graphic analyses mentioned above show very little, 
two carefully selected samples, analyzed by neutron 
activation, showed 100-10,000 ppm (0.01-1.0 per- 
cent) each of Cu, Mn, and Zn (Czamanske and 
others, 1963). The highest values for Cu and Zn 
were found in inclusions in fluorite from the Cave- 
in-Rock district, Illinois. These authors examined 
the various possible sources of contamination and 
found them to be relatively negligible, but as the 
values obtained are unexpectedly high, they sug- 
gested that the data should be verified by other simi- 
lar studies. This was done by Pinckney (1966), who 
reported a series of analyses for Cu and Zn in fluid 
inclusions, also from the Cave-in-Rock area, using 
atomic absorption. He found less than 100 ppm to 
about 1,000 ppm each of Cu and Zn in water leaches 
of eight inclusions (D. M. Pinckney, oral commun., 
1968). Similar results were found by Rye and 
Haffty (1968) for samples from Providencia, Mex- 
ico. Ohmoto (1968b) reports 10-300 ppm Zn in fluid 
inclusions from the Bluebell mine in Canada. Addi- 
tional confirmatory evidence that such fluids can 
exist in nature comes from the discovery of hot, ex- 
ceedingly saline, metalliferous brines in California 
(White, Anderson, and Grubbs, 1963; White, 1965b; 
Helgeson, 1967, 1968). These brines are more saline 
than even the Mississippi Valley-type inclusions, and 
although they show —100 ppm of lead (Doe and 
others, 1966), and more manganese than found by 
Czamanske and others in the inclusions, they show 
considerably lower copper, zinc, and sulfur. All such 
analyses for heavy metals in trace concentrations 
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involve not only difficulties in eliminating or mini- 
mizing sources of contamination but also loss by 
adsorption onto sample containers, even from rela- 
tively acid solutions (Chao and others, 1968). 

Four additional neutron activation analyses of 
fluids from inclusions are given by Puchner and Hol- 
land (1966). In these, three samples containing 
secondary inclusions, and one showing a primary 
inclusion, were analyzed for Na, Mn, Cu, and Zn. 
Irradiation was performed before extraction, and 
both water and HC1 leaches were made. The inclu- 
sions were only moderately saline (0.73 to 1.82 
weight percent Na, equivalent to 1.9 to 4.6 percent 
NaCI). Zn and Mn were found to be less than 200 
ppm, and Cu was less than 10 ppm in the original 
fluids. These values are much lower than those re- 
ported by Czamanske, Roedder and Bums (1963), 
but although the quartz that was analyzed was 
known to be hydrothermal, it was a late-stage, post- 
ore generation, and the inclusions show considerably 
lower salinities than primary inclusions in ore min- 
erals from the nearby Providencia ore bodies (Saw- 
kins, 1963). 

Hot, strongly saline brines have been found at the 
bottom of the Red Sea (Brewer and others. 1965; 
Neumann and Chave, 1965). These waters show 
heavy-metal concentrations orders of magnitude 
above ordinary sea water. Miller and others (1966) 
report the following (converted to ppm) : Cu, 0.8; 
Zn, 2.5; Mn, 72; Fe, 58. They, and Manheim and 
others (1965), report that the sediments under these 
waters are very rich in iron and zinc (FejOj, 56 
percent; ZnO, 6 percent) and carry appreciable 
amounts of Mn, Cu, Pb,*' and Cd. Several of these 
papers indicate submarine solution of evaporite beds 
as a likely origin for these brines, but they also 
point out similarities to oilfield brines. Craig 
(1966b) proposes that these brines, driven by den- 
sity differences, moved great distances at consider- 
able depths. 

Davidson (1964; 1965a) has proposed that many 
of the strata-bound copper ores have formed by 
slow moving, strongly saline brines (possibly from 
the solution of saline deposits), which have leached 
copper out of rocks at depths and redeposited it at 
higher levels. Somewhat similar origins have been 
proposed for the extensive strata-bound lead-zinc- 
fluorite-barite deposits (Roedder, 1966b; Brown, 
1967; and also Noble, 1963) and for the urani- 
ferous and auriferous conglomerates close to major 
unconformities (Davidson, 1965b). Of considerable 
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significance in this connection is the recent report 
by Lebedev (1967) of numerous occurrences of 
high-lead brines in sedimentary basins in the 
U.S.S.R., containing up to 77 ppm lead, at tempera- 
tures of only 80*C. Some of these have deposited 
tons of metallic lead in the boreholes. Similarly, 
Billings, Kesler, and Jackson (1969) report zinc 
analyses of 19 mg/1 (milligrams per liter) for the 
"formation water" brines in northern Alberta, and 
propose that such fluids have deposited the Pine 
Point ores. 

Actually, as yet unknown interactions with the 
high concentrations of salts in inclusion fluids may 
be responsible for many unexpectedly high solubili- 
ties for heavy metals, particularly in chloride brines. 
In addition to the possible significance of complex- 
ing with ammonium mentioned earlier, Tsusue and 
Holland (1966) have shown that zinc is very 
strongly complexed by chloride, and Hemley and 
others ( 1967) report very significant solubilities for 
ZnS in chloride solutions buffered by various silicate 
minerals. High chloride solutions at 400° to 465^ 
effectively extracted Fe, Mn, Cu, and Pb from an- 
desite (Ellis, 1968). Gammon, Borcsik and Holland 
(1967) showed that there was a strong partitioning 
of Zn and Pb into a saline fluid phase in contact with 
a granitic melt at magmatic conditions. Borina 
(1963) measured the apparent solubility of CaMoO« 
in solutions of KC1 and NaCI; she found that as 
much as 0.015 weight percent dissolved at 500*C. 
Bryatov and Kuz'mina ( 1961 ; see also Kuz'mina, 
1961) dissolved 2,350 ppm lead (from galena crys- 
tals) at 400 °C, and Anderson and Burnham (1964 
and 1967) report in the order of 1,000-2,000 ppm 
of metallic gold (or platinum) dissolved in chloride 
brines. At high temperatures many metallic chlo- 
rides are volative (Krauskopf, 1964) or form vola- 
tile complexes stable at high temperatures, such as 
NaCl'FeCU, KCl-FeCI,, NaCI'CuCl,, and NaCI* 
PbClj (Ovchinnikov, 1965). Hence, if a chloride 
phase is permitted to volatilize, it may carry ap- 
preciable heavy metals with it, particularly iron 
(Pavlov and others, 1964). High temperature, super- 
critical aqueous fluids can dissolve large amounts of 
uranium, copper, and nickel sulfates (Marshall and 
Jones, 1963; Jones and Marshall, 1964; and other 
papers in that series). There is considerable need 
for further laboratory experimentation in such sys- 
tems, using these newly developed techniques for 
experimental measurement of hydrothermal solubil- 
ity, until valid theoretical procedures are developed 
for calculating solubilities in the hot, concentrated, 
multicomponent systems characteristic of nature. 



Digitized by Google 



COMPOSITION OK FLUID INCLUSIONS 



JJ73 



Certainly conclusions concerning the mechanisms 
of transport and deposition of ore minerals must be 
based at least in part upon the evidence found in the 
fluid inclusions. 

Graton (1968, p. 1712) has expressed doubts 
about the validity of laboratory data on the capacity 
of supercritical fluids to transport solids in solution : 
"Meniscuses. if they exist, do not disappear or re- 
appear, and the uniform distribution of density 
throughout the system is likewise unproved, as it 
might be in a transparent vessel." Nature has pro- 
vided us with just such transparent vessels or "vis- 
ual autoclaves" (Ermakov, 1950a) in the form of 
fluid inclusions, filled with the best available sam- 
ples of the ore forming fluids. 
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1. 

Referent*: There ia roach duplication in the d>U reported by Mine of three papere, 
but they could not be eliminated without laung oeenatoaal nr» data or re- 
interpretatione. This UbuUtion doe* rtei Include deecHptlana ol eolid incluaiana, 
•ample gUaa intJimifina in igneoua rock minerala, with or without daughter 
minerala. or aimple dWrlrrtloaa of the occurrence of liquid, cms. or liquid-plue-gaa 
InrlueMina without further identilwntion of eompoaiiioo or tbermometri 

Liquid CO,: The prceanre of CO. woe oecaaionally eatibliahed by the I 



of carbon dioxide hydrate cryatala on cooling. 
Organic: The diatinetion between organic liquid and organic ootid ie not 
dear. particularly when only bitumen ia mentioned in the text. 

aeca: Becauae of ita rarity and importance. IUS ia noted here even 



offluid 

K (rmiTJ.i:y doea not occur aa a fttpuili> gaa or liquid phaae. X in iKU column 
indicate! presence of one or more unidentified ph*je*. 
Thermometry: The method used ia not always stated explicitly. H, ho 
method, usually heating stafje on microscope: D, decrepitation i 
or ridco), recardleae of aaaienment in the orifinal to fluid i 
cauiiw; t'. method unspecified or unavailable at time of writing; C, 
Mud.**, usually on freeaina; nta«e on microscope. 
.Sample note*. B, liar-i* C. calciie or other enrbonatea; V. fluorite; G. 
Q. quart*: i*. sphalerite; T, topax. Oil. ore deposit; \~1L rwcniatltefs) | 
sedimentary rocks; n>eia, tnetaniorpbic rock*. 
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Kiyevlenko, IDAA. 
Andruaenko and 

Kiyevlenko, 19011. 
Andreaenko and 

Luahnikov, I960. 
Andruaenko »n<l 
Melnikov. 19118. 
, 19AI 
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II 
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CH 
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Bailey, H. W„ and 

Carueron, IWS1. 
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19(17. 
Balaeh.iv 



H 



Vitcoua liquid. . 



p. icb. 

Hiilitakii and Lyulmfeyev, 
I WI2. 

Ilalltakii and othera, 1U««.. 

■ va. 195* ... . 



Kartmhinnkii and otlicra, 
1987. 

Haatln, 1931, p. 64 

Baetrn, 1950, p. 56 

Bauer and spencer. 1949, 

p. i in, n«. iw. 
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II 

II 
11 
.1 
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II 
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I) 

HD 
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II 



X £ 

:::::: i 



• IK*-;: 



Batarov and Nluiotina, 

1967. 
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X X 
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ii 
ii 

HC 
IIC 
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Halite; polaah on 
Starobin. IJ.SJI.lt. 
B. F.OU: New .Mexico. 
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Iceland .par Ol). f.S.3.R. 

Q . hyd: UraL 
Q: \eirw; atmlhern 1'rala. 
Q: vrinr: wjiithern I'rale- 
F. <J, C; Kuray OI»: 

wpatern Tranaluukalia. 
F. peg: U.S.S.R. 
Q. Flin-FUm area: 

Siuikalrlieean. 

Q, B. C: OD. 
0. B. Madiharova 

liolv metallic Ol). 

Q, llerlunaer. N V. 
Sal>lifiire. ("eylon. 
Anhyilrilc: Kal makyr 

OO: f.S.S.R. 
Q: HgOl). 
<j. griintlea 
S, C. Pb Zn OD 

T; rOuii 
Q; variolar 
Mtcroeline. low leuiiieru- 

ture; |reg; r.S.S.R. 
Q: |ieg: IU<.H.R. 

Varloua niiDcrnla, avn- 

thelir arul ign. 
I)oiumitc, ankerite; 

carbunatltea: f.S.S.R. 
. (quotia* M.D. Sotnrn.) 
Iran formntlona. 

Q. H; polvmetallicOl): 

V.»..-».R. 
O, central Kan-- 
T: K«ra41ba l_. 
metal 01):r.S^R^ ( 



... KaraOba 
OI>; I'-tJl.R. 
Albi'.e and aduUria: 
Q-wi-llranme OD: 
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C, aidcrite: (*«*: 
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Hr-Zn Oil. 
^ OU. 
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ri I B-mi i 
Diamond. 

Apatite: vein»: I'.S-S.R. 
Q, P; ehainbere.1 iieg. 
Alntite: .eicrul aourcea; 

VMM R. 
y, K kamkhatan (>egn. 
MntcralM id granitea: 

central Kaaakliatan. 
K. Kauikhttan peg*. 
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Table 1. -Summary of qualUatire phone identification and thermometry of fluid 



Reference 



Ugold 

CO. 



Solid 
NaCI 



Solid 

KCI 



Solid 



Organic 



Liquid 



Solid 



Tharinorwitry 



Sample oolaa 



X. or. . 



t tod Shun urova, X 



, I84» 

Back and fl ml, UiOi. p. X 

3M-3M. 

Becker. 1882. p. 37 

Balrhlr, 11)61 



BelWre. 1919. 



X 
X 



to,, 




Benuan >rui other., 11)84. . 

Benin* and Sotnikov, 

MM, 

Reriina and Sotnikov, 
IMS*. 

Ftilamiin, 1903 _ 

Blaii. 19M 

Bochkarev and 3 

IMS. 
BokoIcpkjv and 1 

IMC 
hojEoyarlenakaya i 
filyak' 



D 

D 
H 
H 




rWrell ami NUnilirrlwii- 



D 
D 



O 
H 



II 



51 

H 
D 



Lovoaero maaaif. 

ILS.S.K. 
Vanou. alkalfrc urn. 

Varum. Ol) v«in niiiw-raai. 

Q. An « 



lit... 

iUI.tr. WinnSeld < 

Louiaiana. 
<j| traode; sad. 



Q; pe«. 

Cu-Pb-Zn OI> eastern 

Tuva. U.Sjs.R. 
Q, Cu-Mo SimkiiOJ), 

r s.s.r. 

Q. F. CuMoSorakilOD. 

V.S-S.R. 
Q; metn. 
Qj An OI). 

Q: nx-k cryalal veina: I'rala. 

I'.SS.R. 
Vanou. grelaefla. 

Karakh.taa 
F; IrbinakOD. CS.S.R. 
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S; variou. Roman 
q, C. S. Mntila ? 

OD, Romnnia. 
U. varloua Rumania Ol). 
Q. C, dolomite Monla 

Melalllferea OD, 



I! . 



1!*W. 



near ami D 



• In 
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m 



Boyer aDd otkiera 
Boyle, 1954, 
Boyle, I960 _ 

Bradahaa and i>tU»». 19(18 D 

Bradaliaa and Stoyel, 19ft» H 



X 



Bra!...'. IdrVfl. 



II D 

H 



BratuV ami othera, 1988 

Rreialak. 1818. p. J70-376 

Braa.ler. llUJa X 



Br*w.ter. 1823b. 
lirew.irr. I82A*. 
Brew.ter, IH^fil> 
Brewater. 1827.. 
Brea.ter. lull, 

II.,,,,,. I Lji, 



Varvim; Toroiain-Tiganul 

Ol). Romania 
S ; v*rkuu. Oil. 
S; vtrMiw Oil 
Q. C. B. 

on. 

Q: graphic | 

peg. 
Q. An on. 
Q; vein Oil. 
(3 vein.. Au on. 

Halite, vuriniia Mytiraw. 
CaaaMerite. .1. Q, F; 
Corni-h Sn Ol). 

?. C. F. R:0|). 
pophyllite. Koraun- 
Kuvuttiiigimid ploton. 
l'.H.J».R. 
Q. pea*. Ukraine, f .S.S.R. 

t! q. f. etc. 




Butuiov and Ikornikovn, 
IMS. 

Cameron and others, 1951. 



avarty. I(m7. 
Cllrulak and Cohen. l«Da 
Cleveland. lll«a 



MrU'l 



Comte and [Vii-h., 1046.. 

CoercD*. Mi.VI 

Cuerrc*. 19.V4 



.... II 

.... n 



O. tier) I 
Q, her, I. IK.. 
Apatite: Oka e 
( 'unada. 

?.r'io^ : > B}«va"0U. 

Soiilbcrn Lrala. f.tf S.R. 
Sylvite; Werradiatrlct; 

Eoat Germany. 
S, variou* Miauaaippi 
Valley Oil. 

q, w on. 

(HTieral. 

A.inamaruie, halite, etc. 
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TABLE 1. — Summary of qualitative phase identification and thermometry of fluid inelusiont — Continued 



Liquid 
COi 



Phaae i 



Solid 
NaCI 



Solid 

KC1 



Sr.li.l 

carbonate* - 



Liquid 



Soli.! 



'.Ill ! i 1 'in 



Thermometry 



Sample notea 



Curria, lull ............. 

Cramarwki! and otbera. 



Davy, 1822.. 
Dinm. l»fl« 
Dettha. IMS. 



2 



Daieha. lUAQa 

DrMoi. IflSOb 

Deicha. I9*0rj 

Dalcha. IflAOd 

Il*irK», 19MV 

Helena, l*4J». 



r 



Deirha, 1932b. 

IWh», 1»M 

Deicha, 1954 



Deieh., 1958 

Deicha. 1961 

D^ate. 1M1 

IVkBlt. 19*3 , 

Dellwiir. 1S.V1 

Dewey. 1810 , 

Dmitrinr. I9U 

Dobretaova. 1968. . 

felall:::::: 



X 
X 
X 



X" 

X 
X 
X" 



::: x. 
::: x. 



I)ol«ov, 10S7» . . 
Dolfov, 186Tb.. 
Dolaov, IMS . . 
l)olr>v. I9M*.. 
Dolitov. 196ab _ 
Dol»ov. 1966a 




X 

X,' liaaW 

A...... — .... 



Dolgg^aad t 
Dofeov aad H»iurur»m, 

I 'f.llh 



IMomanora and otbera, 
19641 

Dolomanovn ud othera, 
IWIH. 

LMomieu. 1T92 

Dombrowiki, 1966 

Dom. 1966 

DoDUKivk and Naumov, 
19(17. 

Doroehenko, I960 

Doroehenko and other*. 
1908. 

Dreyer and othera, 1949 

Droidoi a and utliara, 1964 

Hurtiae, 1880 

Dunham and otbera, 1965, 



X (opaque mid 

1). 



ii 

8c 

c 

D 
D 

S 

a 

c 

D 
H 

„ C 
H 

H.C 

HC 

H.C 
I> 



X 
X 
X 



X 
X 
X 



H 
D 



ri.. ; --il~';i." 
1.1* inc naciena. 



us¥- v.v. 



Dahalnrov, Ittfll 

F-ek-rmann, 19+8, p. 81. 

112. IM. 
Efimova. 11*68 



Elinaon and Pi 
1961a, 1961b. 

Elinaon. Polyko' 
Shuvalov, 1989. 

Ellaarorth, 1932. 

Erajel. I9«» 

Eppler. 19R2a . . 



So 

H 
II 

s 

H" 

r 

D 



n.D 

H 
1) 



x - :: 



X 
X 



Q; Au 01). 

; Nova Scot in, 
Altwi»; imU. 
. C. »!W<*, i 




. endla, In 
O.T, r. aidente; 
Ha" 



Halite. 



WOD. 



F: Kazakh.tan 

annua. 
O; aid: U-S.S.R. 
Ili*li teinpaentura ( 

Q; pen: U.8.8.R. 

Q: vain 0D: U.S.S.R. 

O. T. beryl; pan; U.S.S.R. 

<J. pea*; tr.s.sli. 

3. T. !WO. U.S.8.R. 

Q. T. beryl. F, tourmaline: 

peca: U.S.S.R. 
Varioua mineral. iaravlawS 
Q, T; pea: U.S.S.R. 
f.p.wTr.S.H.R. 



K Mini it- aehjeta and pec*. 

u.s.k.r. 



Various I 

g, varioua aoureaa. 

Q. F. S: varioua depoaiU; 

I'.S.H.R. 
Q. T: pea>: U S H R. 



Q, T. 8. tourmaline and 

Riulrhd»l«r|?L varioua 

OD: U.S.S.R. 
Q. SbnrloroCDra and 

Spokorixijfa 0I>. 

Trannbaika] 
Q. Tranaba^kal. 



Q cryaula: Italy 

.... Pafe.«..«-hahl., 



primary 



H; «M; raQrPratMD. 

Q. V»nuiw h>ilrotfc»rrm* I 

on. 

B; F OD; Trtvuab 
F; v*rK»*Mi 0I>. 



fi too. 

Au OD. 

polit*; Tunoii maenrtit* 
dapoait, U.S.S.R. 
PynlnOl). 
Carbooatita 

Q:paa>; 



Varioua Canadian 1 

U waatarn Arkanu 

Emerald, T. e«, 
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Table 1.— Summary of qualitatite phate identification and thermometry of fluid inrlwionx Continued 



Phut identification 



Reference 



l.,.,ui.l 

CO* 



Solid 
NaT! 



Solid 
KC1 



Sohd 
e(ir v ..jHAtc* - 



Oceanic 



On Liquid 



Solid 



Other phaaaa 



Thcrmometry 



3am pie note 



Eppler. 1983 

Eppler. 1988 

F.rd and other*. 1957 

Erhard and Steliner, 1 878. 
Erickeon, ItttVB 



Ermakov, 1943... 
' v. KM 4a.. 
v. 1944b. 



m 



Ceylon. 



Erniakov. 194,Mi 
Krmakov, 1949b. 



Ermakov. 1950a 
Krmakwv. 1950b. 

Ermakov. 19rkV. . 
Krmakov. 1957.. 
Ermakov, 1965*. 
Krmakov, 



Hematite...... 

Olaaa, Krannic 
ernnite. 



X 
X 
X 



X 

"x" 



X 

x' 



X, hematite, 
chlorite, 
albiu. nuarti. 



H 
H 

HD 



II 

H 

OH 
H 

H, D 
If 
H 
H 



C: Mieaiaaiprii Valley 

Pb.js» on. 

Pi hrd.OD. 

Q, F, B. C. hyd. OD. 

q. R. C. B; varioua OD. 

C (Iceland *par). 

Q met* vein*. 

T: [fd Aleo saline 

mineral*. 
Variola* « 
Q; meta: 1 

(Alpal. ate. 
Varioua. 

S; varioua OD. general. 
T. F. chambered pec; 



nilile, 



Ermf 




Ermakov, 19«*Jb 

Ermakov and firomov, 

Ermakov, Kalyuxhnyi, i 

Mye.'. I9S7. 
Kvuknva and Meakalm 

Fahey, 1982 



!) 



(T) 



x 



HD(?) 



Fedorchuk. 1963. 
Fedorchuk. 1S8A. 
Fekllel.ev, 1982 



F 1S5— 



Dolomite, HtB. 

x"!""""."l 

Cryaulbaad 



H 
It 

"H" 



MM 

Foel-Alteh*, Monlori 
Poim, and Amico, II 

Ford and Kini. 1965, 
p. 1R92, _14HMl. 



x 

X 



Review of uae tor 

exploration. 
Varioua OD. 
Halo In country rock of 

pec: U S S R. 
Q: paga: Volynla. 



Norlhnintte: Green River 

Formation. 
F, Q, pyrlte; Kraanye 

Kholmy OD. U.S.S.R. 
Hjt-Sb OD. 
Q He OI). 
refrnatitie beryl. 
Q: Au valna. 

Synthetic emerald. 



I«n; Khibinr and Ilmen 

lua-lfe. I/.8.8.R. 
F; Spain. 

C;D«byahJr»Pr>.BaOD. 



H*8 



in, 1»5 
1902 



::::::::::::: V 

D 



Germanov, 1946. 



X 
X 



Girault, lOeVH 

Girault, 19*7 

Girault and Ptuuineau, 
19(17. 

Giuern and otbera. 1968. . . 
GoJ'dber*. 1987 

Col'dberc and Betyayara, 



X 



-<>>•• 



... x — 8 



V 



(7) 



Griet.rrlmk, 19fl2 . 
GrifiM-rhuk, 1984... 



Grlforchuk and 

1984. 
Groeen and Shrodi 
Oromov. 1968a... 



.. H 

:: So 

:: 8 



Q and 0| 

Afriea. 
BOD. 

8, F. Q:Zn OD. 
H; Coeur clAlene dietrict, 
Idaho, 

8; Siieaia-Krakow Zn OD. 

Native fold. 

8, G: Te4vukJbe OD, 

U.8.8.R. 
Halite; natural and 

■vnthetie. 
Q. F. Cu-tiyrile 01): 

Armenia. 
Apatite; Oka, Canada. 

ssagr 

Varioua Romanian OD. 
Alknlic and ultrnmafic dike 

roelta. U.8.8.R. 
C; Uiwer Tun^uaka OD, 

U.S.8.R. 
Cinnabar. H( OD; 

f.S.H.R. 
8. G, pyrite: OD. 
Varioua mineral*, Sr*-W 
OD:FarEaat (U.S.S.R.). 
~ 8.G;Pn-ZnOD. 



8& 



Many u 



Gromov and Kreatle, 1967 



q. C. 8; Kraanoyarovo- 

7,,.!m.k (III, IT.S.S.H. 
F; F-8 OD. 
Varioua mineral* from 

Irani tea. 
Q. F. molybdenite, 

dav«tile; |a*g; W.H.R. 
Olivine and pl«tTi<wle»e: 

.Siberian ^prock,; 



Digitized by Google 



JJ130 



Table 1 



DATA OF GEOCHEMISTRY 

and tlurmomrtrv of fluid 



Phue WMKifiraitron 



Linni'l 
CO, 



Solid 
NaCI 



Solid 
KCI 



Solid 
nrbonnti-i - 



I lr*aOie 



ThariaooMtry 



*»lfipl« DOIM 



GrxivM and Si 

Grubb, 11164 

Gruatikln, KM 8« 

Gruabkia, I'MHb 



8rualik>a. 1U.VS 
ruahkin. I8&4 

Gruahkin. 19A8 



Q. F; So OD; 

Bi»< T 
Burl: l»«a. 
Q Auraklimit pntymelal- 

oi:, i, - ."{. 
F, Q: Aiirakhmat poly- 
iu»uUic OD. C.5.S.R. 
V. Q, Aurakbmat iiojy- 
U.9.8.R, 



metallic OD. 



F, Q; Aurakhinat and 

CkatlnaaarOD, C.S.S.R. 
F. Q: OD: U.S.S.R. 
O, P.OD. DJJJt 
F: Aurajcbmat poly- 

nurtallit OD. C.S.S-R. 
Pre ijufuralw (huaibxn. 

P-S.S.R. 
F. Q, C: Chainwur ml 
^ Bulalaay, I'.S S.R. 




In vi nnd In }■»:,» . 

Ingrrmm. 1947 

Inzrrwn. IMS. p. J9g. 

In .hm. l!*Mi 

Inahin, IftSfl 

lvaoor. 1U*3 



11**3. 



X 
X 



H 
| 
II 
H 
1) 



ITiailr, 

So Ol). 
Varioua r . 
Q: Icn: N'avada. 
Q; Ol) Auuaaai Moun- 

taina, Romania. 
Lavciicto alkalic mamif. 

U.SJi.R. 
Vnrioua miwraki; Kli>l>ia»k 

dl, I'.S.S.R. 
Nrphrlini' . Klubinak 

maaaif. V.S S.R. 
Kudialyri>: Khibinak 

mawit. V S. S.R. 
VarMJUf minrnil* : Klnliiri"* 

■na»ll. I' S.S.R. 
VarKiu* muirraU, KKitniuk 

maiaif, U S S R. 
Varum* minrrab: Khibintk 

maaaif, I'.S.S.R. 
Nrjihc-I.n*:. Kb.biwk 

ttaaXMalf , l_-^.S.R. 

I«lnnd 

Q Au vnn OD. 
Q. I. S. wullranutr, arhlce- 
liw. caiwitrrite. ate; 
vartoua Japan*** OD. 

Q: w-Ca OD. 
Q: I«« 
0. NI»uro 
(j cry-Ul OD. 

(•aaailrritr. Q. S; Sn 



Kornitroj. I'.S.S.R. 
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Table 1. Summary of qualitative phase identification and thermometry of fluid inclusion* — Continued 



UuM 

CO. 



Phujw identification 



SoIkI 
N»CI 



Solid Solid 
KCI mtbciMM - 



Ornanie 



Liquid 



Other p fcMM 



Thermometry 



Nam|i*p notea 



Jankovrt, I9t». 




H 

C 



Kalita. 1983 

Kali l» and Kndakova, 



H 

D 



Kajyuihayi. 1 



Kalyuihnyi. I960 

Kalyiuhnyi. 19*11 

Kalyuihnyi, f" 



X 
X 



X 
X 



X,* S^lkiui." 
cryolite-. 

X 

Many. 

Ola-., with H 



N 



Kalyiuhnyi and Koltun. 



Ki 



Kalyuihnyi and Prltula, 

IW57 
Kalyuihnyi and 
Shefcirllaya. 1*12. 



Kalyuihnyi an 
1067. 

Kantor and Eliaa, 1BA8. 

Kapchenko, 1963 

Knpu.lln. I Wirt 
Karamyan and 



X 
X 
X 
X 



QuarU('). 

X 



H 
H 



FeCI, 211*. II 

I I>1MU 

K-feld.p.r. 

D 

:::::::::::::: r 



I Mi 

ISM. 
Karpiukh, IS*) - 
Karakti and Zorin. 19S8 

Karyakin, IttAa 

Karyakin and Ptinyur, 

19*4. 

Kaahiaraici and other*. 
I»M. 

Kaal.kai and others. 



. N 

.... HD 

.... H. D 

. DC 

.... H 

Majtnetite plu» H. C 



•nd Koatyuk. IMS. 
reldinov and other*, 



Khnkimov, IMS , X 

Khelrai. 1959 



M 

.. D 
.. II 



KheteMkov, Halitakii. and D 

other*. 

HD 



hlir'.'SiAi. ' . ] I, .1, -in . I ll 
and Sammloi ich, I9flg 

Klietchikov, Ehniova, and 
otJir.-.. lvtirta. 

Khelrhikuv and Garbiiaor, 
1904. 

Klutaruv, .V. I., IIMU 



H 

D 



M 
Ji 



X. nre mineral. II 



Kirch. 194*5 

Kiyerlcnko, 1948. 



q. metn vein*; Xxpje- 

Xinue, Bra«il. 
r;XnOI>.„.ddle 



Sr»,.,l.t,. 
T and varioiia rock*. 
Variou. mutrrah. 
Q. Herkimer. N.Y.;T 
Brniil, and other*. 
|-« P S R 
. mirroctine. i*g; 
U.S.S.R. 
Qi meta veana; I".: 
X ; JP«fc Volynia. 



8- & 1 
t^: mei 



&„ BT 



enurey*!* in i«n. 

Q, S. ankerite, velna, 

met.; I'.S-S.R. 
Q:pr«:Vol> 



Ti i-« 

Naktulnyi Kxlc OI>, 

O: variou* itiblute depoaite . 
Vailuu. aainiile* -a review . 
Apatite: Kola. It S.S.R. 
Oypeum, Pu MiiOI); 
tVs.s.R. 

Q . K.diKaran Cu-Mo OD . 

r.s.s.R. 

g ; Irak,. 
Milaemite; pe. 



Q;OD. 

Garnet ; Paalikeaan Fe 

01). 17.3.8.11. 
Q. Preeamtaiaii t»d. 

U S .H.R. 
Q. ard {two type* of 

ofjpinir aolUlai. 
Telluride orea C< 
Q. eaaaitrntn, etc. 

OP. Bolivia. 



N'eplirline: eaalern Sayan, 

ir.s.s R 

Neiilieline. Rotofol 
dei«»it. i;.s.s7R. 
P>-nte and marcaaite 01). 



Q: liyd vein* in 

Tamir. » 
g. tdihehanaku OD. 

Armenia. 



H.-Zn .karnOl); 

C.S.H.R. 
fl.S Tetj-MkheOI), 

I .S S R. 
Syntlietic 



Syntlietx- nuartl. 

Q. Sn-ulfid. OD; U.S.R.R. 

H. G- tHilymelallir ukarn 
OIJ: Tetyukhe. l .S S R. 

Vr"*" KM * 

B. C:dWr4al ba.lle OD. 

UJ'.H.R. 
Gnuuiii. 

Q. Mo Ol). Hriliah 

Oilunthia. 
K (octahedral and eubici; 

l:ri|P>l>lr|Ce. 
IreUrnl upon Siberia. 
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DATA OF GEOCHEMISTRY 



Table 



PI.IMW 



J62L 



KUvlaov 
I95«n. 
Klivn and 

KoljUHlla 

Kokonn. 1966 



X 
X 



X 
X 



Kokorin and Kokorina, 
Koku. 1»56 



Roll. if.. 
Koltun, 



Knltun, 19&8 

Koltun, 1988 

KoltuB and Golovcbenka 

Koltun and Lokernian, 

1962. 

Koltun uid othrra, 1MI. 
Kallun find atlier*. 1D83. 
Komarov and l~ 



X 



X 
X 



ITnilMlllilii i and Mall. j, 

iu5ib. 

, l«SI 



X 
X 



KonU. 1902 

Kont. and otbera. 1942. 
KtjiJiu and Kudakovn, 



Kornilov. 1902 . 



Koi 

CI 



ro»1*J<iv and 



Kmltr van Grooe and 
Wyllie, t<X» 

Koaiov. inns 

Koatyleva. 1964 

Koatyleva. 1944 



DH 



D 
P 

B 

H 

H. D 



H 
II 

I) 

D 

V 
H 

H 

D 

D 
D 
o 

c 

D 
D 



X 

X 



Koetykrra, 1988 

Koatyleva and Labimceov, 
I9S8. 

K<«1\-uk and Baxarova, 

HK 

Kotov and other*. 19(18 . . 
KovaluOiin. 1952 



KovHjd and Iryumekti, 



H 
I> 
D 

D 
D 



H, I) 
It 



Krmvuov and Fridmaa, 

190 5. 

Kr»«dt>v»kiy. 1870 

Krai had Gurkin*, IIWT 
Kryto**. I9fl2 

Kudfnko and Su»ia»ako, 



H.8, 

.... X. 



Kuhn, Petar. 1982.. 

Kul.Q. Peter. 1986 
Kuhn. Robert, 1968 
Kukharenko and I 

1902. 

Kupka, 1981 

Kurovcta and Piiaur, 1901. 

Kurahakova, 1981 

Kuioetaov. 1988 



...... 



I 
D 



H 

b" 



Lnn.or andSh 
Laal»\T»fi and 



andShfod.. 1953. 



*?8M™" " 
La Vallee and Renard, 

LevreBko, IUBI 



X 
X 



I) 



X 



H 

D 



C: I o. land .per OD. 

Siberia. 
Q aoutbern I' rah. 

Q: veina, mete; U.9.8.R. 

Q; valaa. me la; U.8.8.R. 

Varioua minerala; Amur 

Un OD, U.H.S.R. 
Varioua mineral.; Amur 

un OD. U.S.8.R. 
Q; SnOI); t'ji.f.R. 

F: Koill and Vrehoalav. 

CaeehcMtnvakia. 
Colored tourmaline. 
O. Tourmaline; Au-W 

OD; t.t-S.S.R. 
Au Oil. Lebedino. Aldan. 

I'.s.h.r. 

Q: Aldan. U.S.S R, 

Q; Hf-Ae-ShOD. U.8.8.R 

G, 8. earner., etc.; OD. 

A alalia, varioua OD. 
Q. F.G. etc.:OD. 
Ooanliu.Q; Karaob. OD, 

V&S.H. 
Q, wolframite; OD; 

Kaaalt»Un 

<.- m«"v«ua%aehiatoeJr 

Q: mete veina; Aar maanf. 

Q. F;Kn-WOI); 

Zinnarald. Caerfa 

F. T, beryl; Sn-W I 
li-liluiar, im. 
reinOD; Yakutia. 

K; KeeemelUeOD. 

U.SJJ.R. 
Q, Peeii.neaCu-NiOI). 

If .M.S. R, 
S; Maritime OD. U.S.8.R. 

Synthetic, in ayatem 
nlbite-NnCI-lliO. 
Synthelk, In HMM 
»lbite-N*Ci-ll>0. 



Q. variouaOD. 



a|*ule. variolar, eoun 



N'epheline; Botofol 
depo.it, U.S.SJt. 
Q-Mo Ol). l:.ft.H.R. 

r'etiBkroek ;"); 

Varioua; l^niniarorak 01), 

U-S.8.R. 
Chalcopyrite OD; north. 

central Caucaeue. 
Granitna. 
F; f At r earth pa«. 
Q; era rule [ie«. Alilan, 

U,8 S R. 
8; varioua OD. 

8; Blnaka Stiavnioa and 

StHbroOD. 

CareboalovaklB. 
S;Zn OD. 
8; 2b Ol). 
German polaah t 
Varioua minrtrale 

earbonatlte.. 
General. 
MtinaJita; pee. 
Skarn mineraUt. 
Halo around l>oiymetAl)i« 

Ol); f.S.S.R. 
Q: voarnnio rock* of 

northern Oaetia, U.8.S.R. 

^,'BfsatairOD.U^.R. 

Q; icn. 
Q; KeOI). 
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(Son 



NaCI KCI 



Orcnaie 



UwTrorf. 1938. 

Uuimlo. E. E.. 19*7-. 
l-aiarwiko. E. K.. 1956. 

p. 1 12-1 U. 
Laxarrako arui othara. 

1963 



X HiS.. 



Laxarrnao »i.'J < 

1QS7. 

Uumko and Slivkc 

mm, 

U.'ko. 1949 

iSftSSt":::::: 



Laiko andotb.ra. 1964.. 

La&deV. I«14 (p. "l7S"if ' 

trazulauon). 
Lacmnlrin, 1950a 



X X 

X 

X X 



D 

So 



u 

H 



Lan.ii.lc.in. I9Mk> 

Larmiitain and Klrvtaov, 

MM. 

Lfir.mli.in and Kllya, 

IIHl 
Lamml* in al 

mill 

Lammkfin and Kliyii. 

MM. 

Lrtnntkna and olhara. 
1962. 



X 



Quartz, topmi 

OB Braua. 

Top»« cm walla. 



X. to^pws on 



C. H 
II 



&i'.iSs1 b :: 



v 

H 



H 
H 



L««n>-.k. 19.17a 
Lmny.k. 1957b 
L««ayak, 195X . 
Laanyak. 1981 . . 
L«nyak. IWK 
L~n>ak, I9M , 
L«n).k, 1964.. 



L«M>yak and DUMT, 1964. 



X 

T 



Up to 6 cryatala. H 
pyritt. riama- 
tite: ginjH. 

X (pytlW?) H 

H 



LavrnautaiB ai 

1969. 

Lavitakiy. Yu. F., and 
Maakalyuk, A. A. In 
Khil.iwj 1966. 

• ISflWftj . , . » , 



.... x y 

H 

:::: USSsnf::: " 

H 

H 

V 



(?) 



, IMM 

LiDdtren. 1 904, p. 213-216. 

Lindiren and Whiuhaad. 
19M. 

Li.it.yn .nd Malinko, 

1947 

Liait.vn and Malinko, 
1961. 

Ultfe, 1946 

Liltle. I960 

Utvioovalm, 1967. 

LUntbiaa. 1963 



X 
X 



X 
X 
X 

X 





X 
X 


X 
X 





HamaliteC! 

and wall 

lining 
X. eolamaaiun 

in if 



X 

X 



X X Borat in boraa. 

Na. Slit 

carbonatm.- 
phoatihatta 

• ••••••• 

I"""" "III'II X. FeCI.-iHiO. 

ajpaaollta, 

<T>i>lit». 

hydfatrd 

maftiitwium 

rarbonatr. 



HC 

HCD 
HC1> 
II 



B, b I lick, cut Tennea 

o Volvtua; tLS-S.R. 
8: pyrifaOD. 

Hnalnar. wii 

B. C. S. Q, 



daatita (with aiil(ur); 

[>„~irr nvion. U.M-8.R. 
Vartoua. 

Q: Kurumkan OD. 

r.s.s.R. 

Vaiaaua Ol) ami pr«. 
Vario<i» «*fna. 
Q^okinVah Ph-ZnOD. 

q!t H 

T. 

Q, T, baryl: 
l'.M.M.R. 
T: pa*. 



T 
T;p« 



Varioua akarn eninarala. 
Oypaunt; aad OI). 
Q wn 

Varioua akarn mineral. 

o. Mb OH in .kara. 
Varioua OP. 

f : AbaaaitqiF-BOD, 

i 



. ir.a.a.R. 



Ptrldotlta. 
T: w.—n <»); I 

(Tniaryt-Cliulu, m™ 

MonciiUa. 
T; »Tfiara OD: Ha*a- 

(Tajaryl-Cbulu. ran'.ml 

Moncvba. 
Q: Zuun Bayan OD, 

omtral Mi.nn.iL. 
Q; vein, and icn; Cu OD. 



Q and danburitt. Pb OD. 
9; mala vaiaa. 
Q; mata vaina. 



9, caaaitarite; Hn OD. 
U, taaaitaritr; Mn OD. 
NapMia*. Hamhulak 
intruaioc, U.S.S.R. 
Borax and indanta. 



Lyakbov and My.i', 1906. 

Lyakbov aad Pianyur. 
1904 



Kl.jt»rit*('), 



H 
H 
H 
H 




9: Au and 9 

11 S S H. 
S,nthctic NaCI 
Ptifnocryaulroen 

U^t. P»k. Calil 
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Table 1, 



o! fluid 



RrfeTenr* 



Liquid 



S.di.1 
N.CI 



Solid Solid 
KC1 carbooa 



Phaae identification 

Or*»nic 



c;»» 



S..M 



0<W phua 



Tbermomelry 



Sample notea 



u*. HHIla 
rw>. Kin.1l 
m l«He. 



X 
X 
X 

X 

X 



1902.. 
1957. 



M»»ki. ..iid TtuiMof. 

ME,* 



Opaque. 

X 



D 
P 



Malinko, I9M 

Mniinko, 19GA 

MalyaJ.ev and other*. 

Ud and other., IDAS. 

Mulct a. 19)11 

M**l«va, 19*3 

Maalora ft ad Moroior, 

MhSmmM, 1007 



Matreyev. 1947. 
Ma«*an. 1906. . . 



IIsS 



H 

M 

D 
i > 
D 

H. II 



X 
X 



H 
H 



X 
X 



Mm**»n nnd I>*llwilr. 
I»4». p. 21 «ad 34. 



c\«,<?.i 

Sts+csttt). 



H 

Melnikov and 

19A8. 
Merlieh, 1MI. 
Meyer, 1050 



X 

'X' 



M ey e r and other*. 1WWI - , 
MlUer. J. 1)., liMW. I«9... 
Mincheva-Hlehnora and 

other*, IMI7. 
Miroehniknv, lofUW. 

Mirochnikov, lBoSb 

Miyaiaira, 1967a, lM7b... 
Miyaaaaa and Nutakt, 

row, 

Mocarorakii, 1*83 

MurKac.tr, 1!>«0 ... ...... 

Moroior, IBM 



Morout, 198«a. 
Moroior. I9«ib. 



D 
f, 



0 
H 

H 
H 
H 

Hi D 
H.P 

I! 

■ 
II 

HI) 



Varioua pen mirier*!*. 

6: Au Ol). 

varioua peg mineeala- 

Quartz 

Beryl, feftdapar. Kirn.'? 

Indian cranile*. 
Q: granite from Aravili. 

India. 
Beryl; Himalaya*. 
Sb drpoait; Giaaar range. 
T; pat*.; *outh*a*t*rn 

Mongolia. 
Variolar: Q-C vrini: 

Varlmw mineral.; Ill OP; 

11.S.S.R. 
Varioua Ca-Mg borate*. 
Varum* *kara borate*. 
C. B. F. <;, S.Q; Pb-Zn 

do. 

O. Bain Si.rleOI). 
g Punic; r>.H.H. 



Various i 

Sctalitr, Q, i 

t'nUs. 
(VM*por ami . 

Australia 
Albite l»M)eo»n»niIr: 

AtMtmli.1. 
J, r.C. B;Oi-Bi OD. 



i|uarfi; 



Ha8, 



tlte. 



Mortwir, 1967 

Motknlyuk. IV8I 

Moakalyuk and 

Zakharrhrnko. IBM. 
Motorina. 1967 



M.imr.na and Bakunvenko, 



X.. 
X.. 



h 

II 

H 



Vanoii* aulfidr* (in 

argonl. 
Hg-Pli-Zn and A*-Sh OI). 
Q: monronite, (tec, and 

Mo rein*. Butte. ] 
q. Butte. Muni. 
F;Zn01>;ene(T 
S;tirndi.hte-Madan»k. 

1'1,-Zn Ot>. 
Q: vein OP. 

Q: Jntmnewe OP. 

«. C; OP. 

('elmtite. C. Q. »ed. 
I"; vein aitli O and S- 
Q; roek eryrtal veina; 

central Aaui. 
Q: rock rryrlal vrin«; 

rentrnl Aain. 
g. r.iek eryalal vein*; 

aeelern Pamir. 
O, ervatnl veina; Pamir. 
Q, I , OI>. and v 
F.^kia^-ih ma«.il. 



r; 



X 
X 



X 
X 



Mailer and Heymel, 

Murray, 1*47 

Myai\ IDS?.. 



M>.< . Hill I, 
Mya«\ 1961b. 



X 
X 



Myoi* and Kolt.tn. I960. 
Myai' and other*. 1WUI 
Va.iru.kara, 




Nauehllel', l'Jo*. 

Naumann. 1911. 

Nauiuov, 1968 

Nauin.iv, HaJlieku. and 

Kbelrli.kn,. HH*. 
Nauroov and Iv 



B 

H 
II 
H 



II 

D 

II. i 
D 



l> 

IIP 

H, l) 



T. fO*. Voljuin. 

Tourmaline: iw. I'-^.S.R. 

F. Pb-Zn \«« 0!>. 
K-tM-nrinc vriw; Britmh 

Malilf : fiufuNh i|i'|xmiU. 

Ch 

Q; itiftn vc.iw(?l (low 

MMi 
O, nteu vnfw. 
Q ri-VNtnl votiU. 

KsMkllMlHCI 

KpiJutr: 01», 

Q, K: V8IMMW *our««. 

fe-Mn (>l>. K»>nkli*UB. 

Ccnrtul. 

F; Swrrtwtiltrr Itnrilv 01>, 

T — 
VariutiM i-rB minpraU: 
t-MNtcm Kii/jiJkh*tAD. 

g. various An OP; 

C-MMtrrit**. I'.S.S R. 
Vartuiu* nunrrnh. 



^virioVn 
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TABLE L -Summary of qualitative phase identification and thermometry of fluid inclusions — Continued 



Pha«* identification 



t£gU 



Kad KCI rarbo 



Ornjimr 



Gu Liquid 



Thermometry Sample roe 



Naumov and Malinin. 
IMS. 

HftMMW, Panov, and 
Maynhev, 




D 

H, D 

r> 
r> 



l!*f>4* 

Nikancirov and Mikh.ilov, 

1964b. 
Nikantirov nut other*. 

Nlkohiy»v» ! 19 
Nikulin. 1*7 



, I9M. 



Nuhio And other*, 1952. . 
NordefukiiMd, IBM. . . 
Odor and S«*T*d»i. 1964. 
Oeeterlini. I9J2, p. 337 
Ohmolo, IfJta 



... II 

. . . . 11 

.... Km 

.... D 

.... D 

... D 

H. I> 

D 



m 
"x 



Ohmolo and Rye. 1970.. 



Oppenbeim, 1946.. 
Out*rbrid«e, 1947. 



H.C 



H 

II D 



1951. 



X... 



Pinina and Lyaakov, 1968 

P»pimen. 1967, p. M 

Parana* and Soukup. 19(11 



H 
H 



Peach, III 19. I) 

P#*ivcHa MMSb« ■ •■*>■■•«■•■ ■■■■■>•>. ........ *>•*■»■•> •*■■■*••) ■■■•>■■■■•>«•... IJ 

NmIl MM D 

Pelletier, 19.16 I) 

Penn. I9B1 X C> (t) 

Perhac and lleinrith. IBM U 

Perna. I9U II, 1) 



1WUJ 



IK1 

Phillip*. J., 1*75 

Ph.lli,-.\V..I<12.1.,,.4,171 

Pi«lra*y, D. M.. in U.S. 

(i.„lnrml Survey, 

p. A4-AS '. 
Pinckney. 1964 

Ptnekaey. 1966 

Piotrov*liy. 1953 
PUnvur, 19.17 
Pimyu 



(?) 



II 

H 




... V 

... II 

::: \\ 

.. ii 



H 



Varlou* nunmk (a 

revieari 
Q: varioiat Of); I'.S.S.R. 

Q; Zamlvvrat OT>. 

C.S.S.R. 
Q. O, r. Iiivrmaline. 

Pti**i1erite. aracnopyrite. 

e haleopvrite, Myfto- 

('Inn. 

Albite. beryl. Q: urn and 

veto*. 
Kylvile and r 
S : Pb-7.nOP. 
S Ph-ZnOl). 
ILI.Ir 
; kao 



H. C 



( mineral*. 
Q peg 

Q: varioiwi. 

Q;v»Hi*l*pe«.r.S.S.R. 

" iinOI>; 

Q. C etc; varioua Ol). 
T: lien. 

F; Ihy »ei«Jit low). 

8; llllteon nun*-; Kentucky. 

Q. S; Bluebell mine. 

Canada, 
Q. C. S. Bluebell mine, 

Emerald: Mitto. Colombia. 
B. C, eeleallte; Colorado 
Plateau uranium OI>. 
Many OD. 

Fetid ralcite (general). 



Variniia roek mineral*; 
Synnyr alk.ler 

Neplteline *yenite; 

mwl. USSR. 
Pwudolrueile; Synnyr 

mW. l_S.*.R. 
B; Finland. 



Emerald 

getnatonea. 
S, Kanaa*; Q. ay 
Hynlhetie halite. 
Pejr mineral*. 
F; Pb-Zn Ol). 
Emerald - 

Rare earth vein OD. 
V.riou. Ol). 
Atknlie icn. 

O; Am vein*: California. 
Varimi* mineral.. Sn 01). 
Q; M. Ol). 
q. ete ; Butte. Mont., and 

Mo»i»iPpi Valley-type 

Ol). 

Q: vein* in Boulder 
hathohth, Montana. 

Cave-in-Roek C»Ft-*ine 
Ol). I III noi«. 

H (.ynllietle). 

Q: meta vein*. 

Q: meta vein*. 

3; Zhi'r* ken"c'..-Mn 01) 

U.S.S.R. 
Q; Nimi>l'n>y eld«e, 

f.S.H R. 
F: vein* in Sn-vkarn. 
Q; !«•« in »karn. 
Q; lien in akarn. 
q. prut, areatem Tarn 'Inn 
Q; t.i-f- l.i«i veina: 

r.H..-vR. 
Q. peic*: » eatern Tien § ha n . 
q, iien* iii «karn. 

C:a«L 

HaUi in roujMrv_rnek nenr 



' Data tay Pinekney on p ,\4 here are in^orreetly attributed Hi 1 Roedder and Pinckney.' 
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Table 1. Summary of qualilatirt plume uUniifieatum and thermometry of fluid tnWunton* — Continued 



Phaae > 



Liquid .Solid 

COt NaC1 



Snotl Sol«i 
KOI nrbuulia- 



Or«anie 



Otner 



Thermometry 



Sample nolea 



Polykovakii, Keklyudov. 

ud Idf-ova. I960 
Polvkovakii and 

Roiienn it, 1965 
Poltkovakli and 

Roiaenman, 196*1, 

°nnd'olh*r'.. IUm'""" 1 '" 

Pomlrteanu. 19S7 

Pomlrlennu. 18S9 

Pon.irl.ami. 19M 

Pomlrlennu. 1968. 



X 
X 



PomlrUanu. >wm 

Pomlrlennu. Aunatnlniu, 

and Maneru. ISM. 
Punilrleaait and Harbu, 

MM. 

Pomtrteanu, Barbu. and 

other*. 1967. 
Pomtrleanq and 

Movilennu. I»M. 
Potulrlannu and 

Movileanu. 1967. 
Pomlrlennu and 

MovUaanu. 



Movilennu. 1968b. 
Pnmlrleanu. Muvunanu, 
and othera, 1" 



l» 

Pomlrlennu and Petreua. 

iMSb- 
£►»». '««■ 
Poty. I» 



H 

H.D 

■ 

H 

n 

H 
H 

H 

H.D 

D 

H 

D 

H 

H 

H 

II D 
II 

HI) 



8 



H.C 



Pou«h. 19W... 
Pnkaifhikov, 19. . 
PrLkaienuVov and < 

Prim. 1882 

Prokhorov, 196& 

Prokiiorov and 

Khayretdinov. 1WM. 
Prokiiorov. Miroahniko, 

anil Kliayretdinav I win. 
Puehner and Holland. 

nS 

Pulou and da Croiaant, 
1984 

Puatikina and Ynkovlevn, 

19.17 

P<itanov. 1948 

Pjinnov, I960 

Puxanov and Kuiftakuva. 

MM, 

Puianov and Kudakova, 

ir- 



H" 



::: x. uoiini?,::: h 

i= :=== B 



, 19 



19M 

Ramemikava. I960. 
rUaumny, I960, lvt 
Rauanar, 19*7 



X 

"x" 



tl 

H 

D 

■ 

H 
H 
D 

D 

D 

V, 



H.C 



. 1877. p. W6. 



X 

x 



X 

■x 



II 

h" 



1889, p. 64 

and 

Rodiyinko. 1967 

Hc)d«>iiitl(o and Trulaaov, 




. 1962b 

. Edwin, in U.8. 

<;*ok*iea! Hurvey, I96J, 

p. A4. 



X 
X 



U.H.S.R. 



Qi 

Q; MM Maidantal. 
Ql P*«- 

Q; Herin OD. Romania. 
General. 

DiopmrJe: Muntii Rodnei. 



Diopaide. Hum.' 

Carpathian. 
.**•■ ?i'*r 1 1 If vin:i 
Kyanita. mala. 

OD; Valen Ilba 



ft.Capnj.OI>;! 
B; varioua Romanian OD 
Muamvila. vanoua p«ra. 



F: Capnio and Herja, 
Romania 

C. F; Capnle. I 



Pb vrina OD. 




Q: varioua Au OD. 

Q ._Nocbe H.i«i», 

B and'rT"' M ' Me °' 
Q: met. vain.. 

W-Mo-Hn akarn OD. 




rlo-Snal 
m in akai 
veine, nuajlllla, 
(rmnilc*. 
Q. quartaitea and RTanH* 

Aldan. U.ft-ft.R. 
Q: various trjntal OD: 

Aldan. C-ft.S.R. 
Varioua akarn nitnaraU. 
Ollilllita, C. granite: 
Maiklmra akarn OD. 
lt.H.ri.H. 
Q: pcft: aouthprn Oiaaar. 
Halo in country rocka 

:-.'H!l) [US.S.R. 

C I Ireland apnr). 
Varioua minerale. 
Q: A ^""' , «*"». 

Q~ (Juenant diorita: 
Belatium. 

Q, from Quenaat diorita; 
Befeium. and CO. (ro 
S; Santnlider. Spain. 

J; Aaeeaaioa I.Ian. 

Tourmaline, aiiniia. and 

datolite. 
Datolite. C, G. S. etc,: 

aulnileOD; ILS.S.R. 
Q: Au vean: California, 
if; Pb-ZnOD; Cre.de, 

H. pTvario.uOD. 



Colo. 
Varioua la review). 
- 1 Dr.U 
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Table 1 



Phase identification 



N.CI KCI 



Rordder. Edwin, in V K 
Ootacical Sunt)' 1902. 
p. A89. 

Roedder, 19«3» 

Raedder. IWHti. 

RoedoVr. IwMn. 
Roeddrr. I9n5d_ 
Roediier. Edwin, in U JS 
Geological Survey, 
p. AIM. 

der, 1968b 



Rnedder. KHlfic. 
Roedder. 1967a. 
Ronlder. I i.7! 
Roedder, 1067c.. 

Roedder, l!M!7il 



X 
X 



L HC 

:::::: " c 



... X.. 



X, icUo. >pin«l- HC 

H^(ll, 1U ldl 



HC 



H»s. 



R'«-4er, Edwin, in U.S. 

Mealon-iest Survey, 1967 

n. A I Ml (see nkto 

Roedder, l»67dl. 
Roller, Edwin, in U-8. 

Geological Survey. 1967 

l>. Alfi). 
Roedder, Edwin, in U.« . 

Geological Survey. 1067 

n. A l«0. 
Roedder. l*lRb. |. -Ml... 



X 
X 



X 

X 



X 
X 



HC 

HI) 
1ID 

C 

HC 
HC 
HC 



HC 
HC 



Roedder. J9fi9» 
Rorddci 196!lb. 



HC 

HC 

HC 

X. H,S<?) HC 



MM, 

Roedder and Coombs, 
IMI7. 

Roedder and M I960. 



X 
X 

X 
X 
I*) 



X 
X 

X 
X 
X 



X 
X 



X 
X 

X 
X 



X, 
X, Hi 
i 

X. 
X 



p. Al 
entry 
Roedd.- 



It,- 



i.l r'n 



1967. 1968. 
Ruediier. Ingram, and 

II.IL. 1963. 
Roedder, Edwin nnd 

Skinner. B. J., in U.H. 



X. H.S, 
hematite 
snhydriteC). 



X. b.rit»C). 

X 



Olivine nodules; ign. 
Various minerals ami 01). 
Various miiKTnb and OR. 
Q: Bingham, t ub. 

Various OD. 

Oliv ine nodules; ign- 

C; Pb-Zn OD; Lark. t'Uh 



Various Mississippi 
Vnlley-typ* Ol). 
VarMiu*; a review. 
Various OD <* review). 



F. Q various Ol). 



H.C.lV 
HC 

HC 

HCD 

CH 



HC 
HC 



. Pine Point OD. 



Varioua sshne naaMMnel 
ChUe. 

Fluoelle; Colorado. 



|, Silesia. 

8. F. B.O. C: Pb OD; 



Canada. 
Celestas. K; Clay Cenler, 

Ohio. 
3, F. B. Q, dolomite; 

Va| t leToD t '' ' 
Varioua. 

i), frlihtmr; ign A 

Inland. 
Various; Bingham Cu 

OD, Hub, and other 

Q,^.g^£nT 

Q, feldspar; ign; A 

Islam!. 
Various. Binfham Cu 

OD, I tah. 

F.B.Q;Fb-Zn-C*F, OD; 



1967). 

Rosbl. 19M 

Rotters nnd Hperisrn. 1948. 

Rouenmnn, ]:Mi.', 

Rose. 1839 
Roune. 1993 



Ruehlun and Ntkdaicttuk. 



X 
X 



II 

1) 




F, B. Q; Pb-Zn-CsF. OD; 

Hnnsonburg, N". M. 
Various minerals and OI). 

S. gallon Sea gwothermnl 



Limestone . Mnasro. 
Emersld; Cotonibin- 
Vartous. 
Halite, sed. 
Sapphire: Ceylon. 
Various minerals; Blynva 

Ol), Itrsk,, I'.S.S.R. 
Q; Flin Flon arm. 

Saskatchewan. 
<J; Fun Flon sres. 
Saskatchewan 

O. low istuii. Mo-W OD. 
Csexilerite; v««m> Far 

Eastern SnOD; U.SSR. 
Varwni. uiinersls. Sn OD; 

I'.S.S R. 
Various ore mine-nib; 

Soulliern Urals. 
C, Q. S ; Provideacis OD. 

Mexico. 
Synthetic minrlx. 
" Pamir, (t.S S.R. 



9 ; 1 

Syni 
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Table 



of fluid 



Snfronov and 1 

nut. 

Saba. 1959 

Sainabury. 196» 

Harris and titb.ra, 1964. 
Savul and PomJrlranu, 

1947a. 
Savul sad Pomlrlranu, 

1947b. 
Savul and Pomlrlranu, 

MM, 

Savul and Porotrlranj, 
MM 

Savul and Pomlrlranu. 

1961a, 
Savul and Pomlrlranu, 

1061b. 
Savul and Pomlrlranu, 

1961c. 
Savul iMld Pomlrlranu, 

l'-n.1,i 
Savul and 1 

IMtth 
Savul and 1 

l»f.r>a. 
Kavul and Poratrlr.nu, 

1064b. 

-.1.. l. .... 1D63 

Samkina. 1964 

Snmkina, 1964* 

Hawkins. IMS* 



Sam-kin.. lt<»f.b. 



X 
X 

\ 



X tt) 



X 

x_ 

X. 



.. H 

.. D 

" b'"" 

.. H(T) 

.. I 
II 

.. H 

.. D 

. H 

.. D 

.. *m 

.. H 

.. H 

. . HC 



Samkina and 
Hawk.naand Holland. 

Sam Una and II u 

196.i. 
Sayar. 1943. 



X (.uH.t.!>... HC 
II 

HC 

X HC 



ov. 1961. 
Haaunuv. 1962 



SrhloaanuM-iiar, 19.13, x 

C. 348-4SI. 
loauoachrr, 1944 

Sri,m.lt, A.. 1*81 

-x- 



8eoU. 1948 

Kr»ll*»r. 1940. 

Srnrbilu and Komarov, 
1962. 

d Trulanov, 



(?) 



■> 
II 

H.I) 



H" 



in 



(?) 



Shnpnalnkov and F.rmakov, 

MM. 

Mliarkov, 1948 X 

Shchrrba. I960 

Shrbriba and oliirra. 1964 

Slichiriteyn. I960 

Shrahulin, 1961 X 

liaalakov M»d Prokliorov 



II 

D 
H 
H 



X (?) 



I?) 



Shu.urova, 1967a. 1987. b. (7) 
Sulorrnko, 1941 ... ....... 



D 

ixin 
ii 

i). ii 

D 



II 

H 



Siina and Harlan. 1961 

and Barton, 1962 

|.. 394. 

Slnc.ald. 1932. p. 6* ... X 

HinyakoT, 1967 

Slnyakov. 1966 

SivoroBov, 1968 



H 

XfOJtvolunu. II 



II 

H 



1904 



(?) 



X 

w 



H»8(»] 



F'»r»(n.iaaM; Ontario. 
F: brryllium OD: 
S, Q: Pb-ZnOD. 
0. Niculxal Ol). 

q. afrondary, [>obro*y* 

du Nurd. 
Q: variou. OD. 




S.O. diixoxh-; Eaatrrn 

Carpathian OD. 
Q varioua OD. 

S. O. C. F; Pb-Zn OD. 
S. Q. C, F. Pb-ZaOl). 
S. Q. C, K. Pb-Zn OD. 
F. O. B. C: North Prnnin* 

Q. F. S 01); Cornwall. 
England. 

Q. F; Koftk 



F. B: North I 

orrlirld. 
S, Q. C, Pi Pb-Zn OD. 

g, dolomitie marblr; 

Turkey. 
F: Pb-CaFi OD. 
S; varioua Ol). 
Carmrl and orr minrral.: 

KuruaaiakorrArld. 

Diamond. 

Variolar ftamstonea- 
S; visrsloth Zn OD 

S. C: Pb-Zti OD. 
Murulilir ravitan in 

rranitr. 
Q and variou. minora!.. 
H. .!<■; Pb-Zn 01); Ruhr. 
Q; MoOD. 

Variolar > 

northern Cau 
Q. Synthrtl*. 



II.OD: 



\ arioua Kaukhatan 01). 
Q, .tt.; Mo-W 00- 
Q: veins in meta. 
Spodumene; p*f ■ 
MiMtlwtitr; Eastern 

Varioua. Kaiulok* mine. 
Japan. 

II. U: T^iucarpathla. 
AutlnsTnir Q; brown roal 

drpoait . 
q. with tnimaabne in 

AuOD. 
S: Central City dietrk-t, 

Colorado. 
S: polynu-tallir Zn Ol). 

Q: aranodiorite; Hurkakin 
Guleh, Colo, (personal 
olMwrvaliijn, K. ItcM-ddi-r. 

MM). 

Montieellite: Irani akarn 

tnaaTwUts OD. 
Montieellite; akarn. 
Taconito and jaapilite iron 
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,rh. 



Omwiio 



Skmliyahev, 1IK7 

, I960.. 



Sllvko. 1958- 
Slirko, IMA. 



"x"" :::::::: 



C (Iceland atari 

.1, ' 



X 

"x- 




Smith. 1048. 
Smith. 1049. 



, 1950 



H 
D 
D 



:::::::: d 

........ ------------- D 



r.s.s.R. 

Stratiform Pb-Zn OD; 

RMS. 
Q. C, pyrite; Melolyr. 

OI>. I >nt»r:n 
Q, ramileritr, tourmaline; 

Sn OD. 
Q vein; An OD. 
Q vri»; Au OD. 
Garnet, akara OD ami 



anil Baaarova, 



Smith, 1953b. 

Smith, 1953e 

Smith, 1954ft 

Smith, 1914b 

Smith, 1957 

Smith and Little, 1953.. 

&'.»!,- 

SoboleT and Bakomrnko 

mi. 

S..h«. Lav 

SohoU'v nod othera, 1904 
Hobolev a l»l other., 1967. 



Sobolnv ami i>lh.r., 1V7I). 



Soknluv, 
Sokolov and 3 
INI, 

Soihy, MA* 

Sorby, 1869 

Sorby. 1877 

Sorby and Bullet, 18W 

Spmerr. 1017, ji, 100-101. 



D 



D 

DH 

H 

D» 
H 



X 



.. H 
.. H 



II. C 



X 
X 



x 
X 

"x" 
m 



DH 

H 



(TV 



Speala, 1904 

- Si 1907..... 



Stalder. 



st.1,1,,. ioe4b 

Stalder. 1987. 

M'H^IW*. l*Sl 

Steven, 19*0, p. 410 

Steward. 1907 

Stewart. D. B.. and 

Koerider, Cdwin. in U.S. 

Geological Survey. 1983. 

p. AI45. 

Steyn. 1982 

Stoiber and Davulaoa, 



X 
X 



X 
X 



x:;:::::::::: ".. 
:::::::::::::: mc 



HD 
H 



D.H 



Olam rhydruua 



melt) 



Stronekava. 1955... 

Sukbonkaya and 

Sukhonkiy. 1987. 
Sukhonkiy, 1953a. 
Sukhorakly, 1953b.. 
Sukhonkiy. 1954... 
Sukhonkiy. 19fiSa.. 



X 

"x" 



Sukhonkiy. 1904b 

Suahehavakaya nod otbera, 

1988. 
S j. 'nt:» i.im. »n.| 

Ivanova. 1907. 
Sutton, 19*44 



Hi D 

H 

H 

fa 

H 
D 

HD 



1955. 
Takraouelit. 1962a 

Takenouclli, 1062b 

Tnnimann and Seulel. 

1932. 



Tender. 1987 .... 
T'en« and othcn. 



X 



- ,'! c 

. 1> 



(?) 



"X" 



inclu»0D»T 



: hd 

on 



tnd oilifnt. 
P**lt mineral*. 
Mrt», hijch'KTnda. 
Q. Au vein*. 
VuHdim. 
ten. variiMM. 

QCMItl 

Vi.rit.iw hutwrnli- 
KjaniU; i--*. 



I fed 



Q, T, etc; pe« 
Virion* nephi 

Munttnry. 
Variout) tMrvrn Li; 

IntruMua, 



ES! 



Various mir _ 

VorlOLU «Pft.«. 

Gnuiite. 
Vnriout feirms. 
Q; ign and noepliyry Cu 

Ol). 
Anhydrite. 

CaVste, Tr*v Italy. 
Dolomite cryituls in tar; 

t " a hi i. f tin . 
lj ►*, ankerit*. aduiartft, 

Alpine, 
Q, Ttnarwr CnUnd*. 
Alitine t«» mifcrral*. 
Various minerala; OD- 
V, N'uMiiRftto datrKt. 

Colorado. 




J, irvrta VMM. 
5. vein* in miartxitea, 

Aldan. U.A.S.It. 
Q. j-tr« velna. 
Q; mriou* Myw><'li*ft 
rtn-W dBpoMt#.U.d.S-R. 

Q ^; l I™ , Tr: M :bi > ,k.,. 



S; rarioua 01). 
OD. 



C:ll«OD. 1-.S.8.R- 
O. ijuaxtl rr>-»Ul il.|—it«. 
■J O. IVn.l JOreilleOI), 
Idaho. 
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Table 



of fluid iiuimiom— Continued 



rhur identification 



Touray. 1905 

Touray. 1987 

Touray end Dekiia. 
Touray toil ' 
Touray. Lai 
_ Vo«ler. I? 



X 
X 



X 

X 



X 
X 



X , 

X, pyrita. 



II 

H. i>" 



Touray and Poirot. IMS. . 
Tun my and Kehouraud- 

Roaeet. 1070. 
Touray and Yajimn, 194<S. 
Ton ruy and Yaiima, 1967 . 
Traveria-Ooa and 

Montorlot-Poua, 19(17. 
Trdlkka and Coul.l, 19M. 

TrdUcka and Kupka, 1904. 

Trdlicka and Kupka, 1 



Trufasov, 19*2. 

T.-.f.r ,v, 



X 
X 



X 
X 



X 

HuMide«<T). 



X<bnrite?>. 



X 
X 



X 
X 



X 

S, ftuorite. 



HC 
I> 

SII- 
HC 

HC 
HI) 
O 

D 

D 

D 

H 

HI) 
HD 



Turbe, 196J. 
Turov.Vii and c 
19W1. 

Twenhofel. 1947 

U«riamey»hvili, 1965, 

|>. 149-150. 
I'chiimeyahvili and 

other.. 1908. 

Cahakonku, 1966 

Hrifir, 1986 

Cul'taev and Troalun, 
1987. 

V.khromeev, 1988 

V.l'terand Gurova, 1966.. 
Val'ter and Gurora. 1986.. 



Valyaahkowd 
VaW.kn.nd 



Van Autine and other.. 
l!Ki2. 

Vartek. 1965 

Varlannva and 

Khcherbakova, 1984. 
Velehev and Mel'nikov, 

1965. 

Venedlktov. 1958a 

Venediktov, 1958k 

Verbieher, 1959 

VVr«iiihko», 1966 

Vian. and othera, 1964... 

, 1947 



Vo.cUan«, I SOD 



Vovk and Vomyak, 
Vtilonavic, 1963. 

VuVchin. I9SI 

Wehler, 1958 

Walk*/, 1935 
W.rdlaw and 

1963. 
Weber. 19011. . 
Webeter. 195J. 



X 

X* 

X 
X 



„. ... 

H.D 
I) 

B 
H 

HD 
i) 

r> 

D 



HI> 
H 



H 
H 

Cll 

Hl> 

U 
■ 

H 

D 



1953. 



X 
X 



(?) 



(?) 



X 

■x" 



8" 



**•••■ mm *J^y * 



X 



G>pa.mi;NaharB. 
Vannua minerala. 

?. varlou. lueaUllaa. 
: varioua. 
Q: erode* from eed. 
Q, B. halite. 

Emerald; Colombia. 
F. Ouexsaae. Morocco. 

O; Alpine, 
r ; Tuiueia 
F, G: F OD; Spain. 

C: Pribram, 

Caechoaloralria. 
MeUuu.ri.atir niaamwli- 

OD. 

Wider. ta. Gnrnirr OD, 

CaedKoeovakia, 



(?) 



Webeter, 1956 

Webeter. 196J 

Weia, 1953 

W. I,-, „r„: ... m.-.J 
Welle. 1953. 



X 

x 



X 

W 



Pyrlte 

(d».i»rH»r*). 
Fluontr<?) 

culm.. 



II 
II 



X X 



CH 
II 



H. D 



entral KatakhMao 
Q. F, apatite, tourmab 



i. rhodoehroeile; Mn OD: 

Q and many othera: 

nvdUOD; IU«.8.R. 
Q: dolomite, ealcite: 
Krivoi Roc, U S S R. 
. tn I 




B: varwua OD. 

Q: •..•!,.-: n Urakt. 

K; Barrineki 0l), U.S.S.V 

S: eaatern Truubaikal, 

CS.S.R. 
F, H: Muniaaipiii Valley 

type OD; Siberia. 
F; oeraenline; mvlfftone. 
F: Dniceter River area, 

l'J».S.R. 
Apatite. Kola Penine.iL. 

U.H S.R. 
Apatite; Kbibini OD. 

IT.H^S.R. 
F. varMMU Metican OD. 



; ntfU ve-ifta. 
; met a vein*, 
j, C. F; garnet >kartv 

: varitma 0I>. 




Various icn and meta. 
ntwr luioi-til'. 



Q and < 



AlbiUt. pen*; Mamak. 

Q VMM- 

General. 
Q. T, beryl. 

Halite. 



T; Nigeria. 

Beryl: Mndafaecar. 
Zoned l«n mineral*. 

Pi JSn-Cnr'i OD. 
Synthetic emerald. 
«. «. Kne_bebt.: V 
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WiUinma. A. F.. 
w j>. 422. h 



Wimnwuutr. 1983 

U'imir»enau*r, 1906, p. 107. 

IRmML mo 

V n j i tn > and Touray, 19S7. 
Yajuiia, Touray. uul 

liyamn. 1967. 
- 'ilovlrv .nd " 



Ph« 



I 

X 



I 
X 



X 
X 



(t> 



YaJk^bova. 1952. 
Y«if»k»y., 1967 



Ypoii. 1U63. 
Yudin. 1 



X 

X 
X 
X 



X.borw . 



H. C 



:::::: " D 



1SX1.S. 

Zabarina. 1963 

Zabarina and K.jU. 1964. 



X 
X 



X 
X 



X 
X 



X 
X 



1981. 
1961. 



D 

D 

H 
H 



Z.klt.rclvMiko uid olhera, 

MM. 
SaJuBftrehaako and 

Tniluov, 1964. 

Znkrih*vakaya, 1964 

ZaJtrihrvakara, 196S 



X 
X 



X 
X 



X 
X 



H ° 

H 

H 

H 

H 
H 



V 

II 



, p. 21, 33, 60. 

Zarkri. lHTOb 

Zirkrl, 1673 

Zjrkel, 1876 

jurui, isea 

Zolotukliiri. 198? 



Znlntukbia, 19»lli, p. 

113-134. 
Zolotukiiw a 

11** 



X 

x 

X 



X 
X 
X 
X 

I 



• (too 



Calil. 



Apatll* from rarbowitltr'; 

Kaaimttihl. Wrtt 

Germany. 
Q, OI> vm. 
Q Rranchville. < 
Granite cnria*. " 

Iron Rnuiw. 

Albita: Modana. 

Various minrrab: Drpuut 

So OD. IT.SS.R. 
T.Q:i«»:MiiriHika. 

tlnkV.S.S.R. 

VartoUa ll>lorr»U; Irf. 

r.OD: E«at A«or rr-«ion, 

U.S.8.R. 
Several rbnailrilir and 

achondritic mrt« 
Q, ate: PbZn or>. 
Varunn tintwrak: 1 

on, i'.s.s.r. 

Sulfur: Shomul Ol), 

i'-s.s.r. 

S. aiaaiTB. aracnopyriti' : 

Oil. 

Varioua: F»r Ea.tern Sb 

OD. U.S.8.R. 



(?) 



H 
O 



Q. rrnrutra and pea; 

I'.HJi.R. 
Q, F: varioua KaukbaUB 

'. nap and [h-jc. 
t); «i»itl eryatal pre 

AkiUitvau. I'.S.S.R, 
Ign phoapnau* OD. 
NVpUlitw Ktubifty apatite 

on. rx, sr. 

F; I>oorU Buin-Axov 

ILTftta, I'.H-K.R. 

Various mint-rats: Dnntw 

AlOV ATM. I > .-'.}{. 
O, t»eltii». 
Rmu.lt in mrni U 

Many lrb minanvla. 
Vaxkiua roeka- 
Vartoua ign mad tnrta. 
Varboua iga *n<i mt* ta ■ 
Anhydrite; Noril'ak OI>, 

USSR 
Anhydrite^ Norilsk Ol). 

V.SSH. 

3J^^:r. 
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2. — Analyst* of aata from fluid inclusion! in roctt < 
IN.il.. not detected. not reported; tr.. trace | 



Volu 



t of evolved | 



HiO CO, 



CO 



CH. C.H. 



VUmm 



1 Ni 




4. Ml 



«M-0 



MS 

17.3 46 9 



... MO 
.00 7 S3 



< 03 



.ft 



32 6 38.3 

Herexnikovak 
mine* t'.ri.S.R.' 

4.6 76.4 l.» Do. Sample B,« 

1 8 18.4 I. ft Incliiaiona under 

preaiiire: tt'innliel 
•ait dome. Winn 
Pariah. La ' 

.4 14 0 1.0 <001 <0.1 3.9 

GeVmaay.' 

. . . . . 1 . 60 64 . 9 10.7 Vua in dolomite from 

MiMuMtiiiviaa 
Rundie formation. 
Alberta, Canada. 



Ifnceaa 



ft Peten.il>. 
lWrfi. 1 



II 
It 



IS 
14 



ruck, 



10 ....do...... 



24 20 01 



as? 

MM 



I* do. t'ltmbaaic 

rock*. 



16 ... .do. . 



17 ... .do.. .... 



IS Ikoraklk. Roorherite.. 



19 Vaail'ev and 
other*. 



4 47 



3 81 PI 6*94 0.38 



3 80 <«) 



6 98 «7 (") .44 

2 22 B 38 I") I5.S6 

10 44 2 ,79 1 15 86 .36 

136 9.41 <»> 43.87 



0 0 

88.24 624 

416 1.46 

IV 4.13 



30 17 («) 

5.05 r») 

36! («) 



0.007 31 



.11 1.76 



00 1.31 



3.44 



22.60 



2 22 



1 81 



.34 



44 
42 0 
89 70 

11 90 



.38 

111 

.24 



3,77 
0 



!.»7 I. 



92 74 3.04 



97 44 .84 



"6,746 

» 1.133 

I 333 
"2.119 
"2 0784 

" 8096 

'• 0928 

M 2.869 

»4 «S 

3 390 

168 

3.02 

4 » 
24 4 



42 42 8 76 36.33 7,00 5,49 

.0 1 9 40 90 12 8 30 4 "3 70 



Rook* from nepheli ■ 
syenite intrneive 
complex. Khrt 
oiaaalf, Kola 
Peninsula. 
l-.S.S.R." 
Ik..." 



Do." 
tlo, 
Do. 
froii 



Do. 

ritrabaair iatmeive 
complex. Moncbe- 
guey inauMf, Kola 
Peninaula. I'.H.S.R. 

Paleoiote intrusive 
i-muplex, Khibina 
maxaif. Kola 
rerunaula. U.S.R.R. 

Paleoxinr intruaive 
Comdex lauthor'i 
average analyixl, 
Khibina inajMif. 
Kola Peninsula, 
C.sLri.R." 

Paleosuic intniaiv* 
complex (author* 
average aaaLysie), 
Kovdursk itiaaxtf 
Imam) Kola penia- 
aula. l-.S.S.R." 

Mineral from ■ ' 



....«ir 
ninmila. 



Kola Peninmi 
I'.S.S.R." " 
Mineral from ~lite- 
urtite* and 
krubinites: Klnbma 
masaif, Kola Pemn- 
•ula. l.S SK »» 
Rock* from nepheline 
eyeail* intrusive 
complex. Khibina 
masaif, Kola Penin- 
Mat, C.S.8.R." 
Alkalic intrusive 
complex, Methuea 
Township. Ontario, 



Zararitakii 
and 

iwklitin. 
11*37. 



3 8 66 5 " 20 7 9 5 



Gas from dnll hole: 
filachnaya pip*. 
Siberian diamond 
held. Yakutia. 
I- .-v.SH." 

Ni.hyn Tiol .l»n.t» 
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Anaryu. IMmna Material 

No. 










Volume 
- ."to 




HlO CO, 


CO O, H, NV 


CH. 


OH. H,S 






CASES HIGH IN "ORCAPOC" .< ins i i i i i.vi -...,„, !„,,.«• 
IllNM r«c«» ^Continued 



27.4 



4. a 



64 90 0.1 



8.29 



n 


• . • • do. • • • • • HoH**y«irob 






40 84 


37 66 




62- 30 


M 


... .do. ..... Siouiy 






3.70 


74. 40 




•■■*•>■ 18 -30 


23. 


^*llt*<W« *' OrttSoct*>*? . . . 


87 21 18 11 




9.72 


.211 




131 7 




.... do. ..... *.. .do* ■•■>•■ 


82.38 14 77 




1.93 


no 




....... 10S , 8 


23c 




87 80 4 82 




38 91 


.11 


22 


1.940 


23d 




....... " 25 . 1 ft 


0 0 


38 3S 


37. DO 


0 





Quart* crystal 
iwsrmalite. from 

>< ratic porp 

nli* iralkile. in 
P.lemoir sedi- 
ir rnu. western 
Tien Shan 
C.-H.aR. Sample 

*ao. 

Same pettmattte. 
aa analysis 21. 



From «ranil»: Shap 

Fell. Encland. 

Sample 41. 
Oranite. MaU Ml, 

Encland, " 

KNB. 



Yoiinc unaltered 
pumice (clcaed 
' i P.ri«r 

r.ss r 

2" 



!.dol.. 



04.41 202 



97 98 1.12 
97 03 1.38 



ST3 



0 29 

.04 
08 

:8 



2.97 

.71 



n 



0.27 





... .do. ..... urtboclMt*. - , 

• ■ • do. .... Quarts 


S:3 


08 
1 74 




.13 
8 71 


08 

,04 




■ aa .do. i48(i ... - do. _ . . _ * 


98.23 


IS 


.0* 


1 .48 


07 


32 


.... do. ..... ... . fftO. aoaaa 




17 


18 


13 





.IS 



(0 04) 0 00 

oo oo 

3 :::: : 8 

10 02) .01 

- . . 00 

00 00 

08 00 

11 » 



148.3 



s-s 

ffl-S 



611 9 
SB 6 



213 8 
112 
38 4 



Youngest Varmraa 

eraiute. tfenlurham 
ISrh-artwald). 
West Germany. 

Kb 

r>o. 

Pegmatite SJMK-iateu 
with ffraaite; 
SehJurii«se 
(Srhwarswaldl, 
West Germany. 

Do. 

Youngest Varisean 
irrsoitr; Andlan. I. 
Vow.. Fn 

mm 

■ . Evic 



unknown. 
Olivine nodule in 
Ternary bwalt: 
Holier Hacci 
We* " 



....do. 



Grei.cn I... 
Mim>rli»r 



Citrine I 
(early). 
Citrine II 



24.3 

S.I 
a. 2 

12 8 



8 0 

4.8 



N.d.' 
N.d.* 



N.d.' 
N.d.» 



112 



6 3 



1 6 

.9 



60 7 1.4 N.d. B 98 

84 7 S.I N.d ■ 15 95 

93.7 .0 N.d « 44 

84.1 .0 N.d 3.78 

88 8 .0 HA. 41. SS 

93 5 0 N.d 9 81 



V ray quarts veins 
bordered bjr micro, 
eline io I'pper 
IVrmi»n arsnite; 
M sadantal quarts. 
fi>I4Mixar »nw, 
I' S.H.R. Sample 
124." 



CSS H. 
128. 
Maiiiantal I. 
frlil.tmf veins. 
I'.S.S.R. Sample 
151. 

Waltrtwk ha. been 
serialised ami 
chlor iuaed 
("creiiwn I"). 
MauUnUl qiuuHs- 
leld.|iar , 
ISSR 
129. 

I)o» 
Do." 
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Table Z—Awdytt* of fan* from fluid indite 








Volume percent of er 


olved (luee 






Asalyn. Rrfm.ee , ll0 COi CO Oi H, 


N,- CH. C,H. H 




feieailll 1 1 — Coatuaued 



0 28 000 



.o» do.. 

•'. riifci 1881. Quaru 
Damon end 



I>amnn. P.E.. 
written 

eontiuiin., 



74.4 "24.3 

85. 4 ••«.! 

00.03 30 48 

76.8 18 7 

«7».7 12 ,1 

73.8 ».1 

«4 4 17 1 

78.3 

M.8 



73.28 



0.0 
.0 



0 24 0 14 ■") 2B 



n 

17 



I 



11 



3 



4.17 



I 51 
I 97 



3.43 2.33 

<«) M.1 

13.2 4.8 



Tr. 



11 

77 

38 0 



a 8 

8.4 



0 8.1 81 172 2.0 



.95 15.07 4.12 Mil 



7 24 



5 80 



StiotlunifDe |j*«it>*titr 

in ProteroaoTe 
Kraphllieed 
marnlee tinejiecj- 
lied locality. 
Rio Guuhlaa. 

hrajil. Majn|4f 18. 
Spitrkopje. South- 
VYaet Africa. 
Sample 18 
Pf-cr ,ntm Brant li 

villa. rVinn.n 
Prematite. 2 750 m.y. 
nee; Beertooth, 
Mont, i il.- HI " 
White beryl from 
1.830 n, y pe*. 
tneute Keyatooe. 
S. Oak H.„,p|, B7. 
Aquamarine from 320 
m y pegmatite: 
Beryl Nttn N If 
.Sample Una " 



Milky wfalto quarta 
from center of 
quarta none: pec- 
ma tile : Volyiua, 

r.n.s.k. 

Smoky quart* from 
healed fractulea in 



.piarta »>»; , - , 
matile; \olynia. 

L.S.8.R. 
Hmoky quart* from 
tone of fracturing 
at "mile 1. depth 



?V47« 

41 .... do. .■■•>■ 



&3 - 1 . - do. . . 



54 ....do.... 

85 Chukhrov. 

IL>OJ.» 



57 . ...do 



70.8 17.8 0.0 0.3 0.8 O.lt 



76 5 12.1 



.do.. 



75.0 1.5 
13.4 

12 2 



.0 1.0 1.8 



08.7 1.1 3 .0 2.7 18.7 



(-) 14.0 "1.0 5.0 18 0 41.0 



il 

.0 



2 0 12 0 9 5 
58.8 18.1 



84 4 0 

14. » 45.9 
70 8 13.1 



81 Primary inrluaiona 

from eeHeelite vein; 



33 



13 2 



64.2 14 8 



II 



31.1 3.6 4.8 

0 5.9 ,0 



depoa.1. K.8.8.R. 
Sample 18. 
Primary ineluatona 
fn«n eulfide vein; 
Rereiovakoe 
depoaat. C.S.8.R. 
Hample 1 4 ,r 
Many aerondary in- 

Sample 12. 
Hcauubly p..m*ry 
inclusion »>Ui 
pynts arm; 

H»- urrr trf-fmky 

depoHt. t' H S.R, 

Stui •.!>)■* C 
Irv--lK-«t"tw nimileU to 

tbotw o4 eVnnfJxsia 

S3. S*mple II. 
Molybdenum d*t-c-»it, 

late banded iiuarti ; 

%f olybttau.it. and 
ti.bjc-u-it .Jr^it*; 

KB>t/TTl »T> I 

N'ortbern Kounrad, 

I' N.H.R. MiMmmm 

of 30 uialytm 
Sani* Munplck* m in 

analyniii SC. 

marimmm of 30 

MudyMw. 
Nonureaiforwji 

fluent*; Italy. 

Katupl* I. 
Nob 



Digitized by Google 



COMPOSITION OF FLUID INCLUSIONS 
Table 2. — Analyse* of gate* from fluid inflation* in rock* and mineral* — Continued 



JJ145 



NUtrrwl 



Volume percent of evolved 



Volume 



HeO CO, 



CO 



Nr 1 



CH. 



Oil. 



.SS lp " 

IfaVgram 

■id ssm 



CONSTiTlJtVrS- 



71.17 3.H 
«l JO .78 



14 31 2 SB 



8 01 



MS 



n.i s i t .* 



Ml 4.7 30.2 I.I 



i Ma 



127 



|"aato*onite' I 
Vendee. France. 

Sample 4." 

I'ranifrrooa fluorite 
."•■UMooiie"): 

\rlfKr-MUvu. 

Hui 



61.43 14.14 



18 38 1 03 2 80 



25 2 



1'.-, 


....do 


. . • . do. • *>•••■• 


82 41 


.00 . 


5.32 


12 18 


•01 •••••*• IM11M 


IS 2 


« 


* * * . Jo. * ■ * • ■ 


. do. . • • • • ■ >■».»*> 


72 43 


0 04 


11 00 


1.23 


A - dttl ....... . - _ . 


18-8 


•7 


...do 


- — do — ... ....... 


81 17 


00 


4.27 


12.12 


dt ■ ^1 .....a. ...... a 


27 9 


6M 


...do 


....do 


70 M) 


9.4i 


10.93 


1 28 


7.1* 


41 .« 


fi 


do 


do 


51 14 




2 38 


46 48 


00 


S5 2 



Calamita mMMiu 

dc|s»,t. Elba. 

Italy. Sample 2. 
(irovsraa* mine. 

North Pennine*. 

England. Hinted 

auupto. 
Urovereke nunc: 

crushed sample. 
Stottneldhurn i 

North r 

England. 1 

Sample 
Stottricldburn r 

crushed ■ 
Menheaiol, • 

Cornwall. England. 

Heated sample. 
Meahensoi; crushed 

sample. 



1 Probably includes noble 

values are mm of (COi-f-H 



•CO, 
carbon* ' 

■ (Ar+Kr4-Xel 

■ Rare gaae* not 
> Ar. 0.4 



in mini analy* 



are <CII. 



detel 



• These are mainly averages of 47 sample* run by gas f liromatography 
valura are also given.) The Oi, Ar, Hi, He. Oil. 



(Mini- 
H* 



determination, are the average »l one to three determination*. All 0 2; He, <0VS 
OH. and CO value* represent bmit of detection; HaS >u detected but waa belo* 



aadOHiareapertiiely, 

14; 0.14. 0,02: I 82. 6: 

tWMtl rock* 



tbe limit of analysis. 

I Analyaia in molerular percent, sot volume percent, determined by mam spec- 
trometer Other major constituents are: propane, 4.88; N-butaac, 2.4S. peomne* 
3.32. heaanee, 1 r-7 I luiuoe, eyi-:-.|.rti!*Oe, hcliien* tnelhylcyrlopeatalie. toluene. 
neeth.ylcycloltes.ane. beptaoea, xylene, and di-methylryclonesBne, 0.03 to 0.81 
percent eaeh. 

* Anatyaaa S through 9 are recalculated from PrtenuTe '• averagca for five, 
15. three, eight and eight analyse*, respectively. Anal vac* 10, 11, and 12 ar* 
average* of unspecified number* 04 analyses. Analyaie 13 in 1 1:, average of Petered V* 
avrragea of eight urlitea anil 10 iotitea. Home of these an live aaalyana are given by 
Peteraile < 1961 ) -lli minor difle 
in the sequence given: 0.77, 0. 
1.51. 2 .28; 0, 0; 0.71.0 0 

• Analyaia given by Peterail'e on a nitrogen-free haaia. 
from the aaxu* ciatiple* .bowed il|> to HO peroral Ni. 

■•Original analyses given in cc kg; tbeae value* are tbe sue 

II For anat}*i* of hitulnen* in same roek, are teat. 
No nitrogen altaty*n Mated but khibinitea from the 

aa much aa 90 percent N». 

*' "Lenticular" tvpe apatlte-nepheline rork. 

u "Spotty" type epatite-neptieune rock. 

" No nitrogen analysis stated, but khibinitea from 
allowed a* murli ua !I0 fierrent Nt. 

"OH*. 0.38: NI.0.W. 

"OH*, 0.00; OH,,. 0.00. 

» Average of 13 analy-.. Oils. 0,10; C.Hav 0,20. 

"The mineral data table beading* include OH," and "OH,." which pre- 
sumably are mmprtnu fur ttie OH, and OH, given here. 
» Av.rage ol 17 analyse., OH., 0.45: OH a. 0.07. 

"Quoted bv Ikorakii <l«tl2, from an unapccihed work of I. A. Petenulc. In- 
clude,: OIK 0.01 OH*, 0.00. 

"Evolved on heating in vacoum. Tbe volume of gaa tier 100 g fc estimated 
from the atated 0.68 volume percent gaa. 

» Include* olhera higher ill «erie». 

» I nuVrsaluratcd hydrocarbona. 0.3. He. 0.03111. Ar. 0.U156. 
11 N, includea rare gaaea, rare gaaea, 0.22. He, aheat, 

<" Analyses 21. 22, and 23 arc arranged in order of descending temperature and 
time of formation. Earlier aplite bordur showed only u very amail amount of gaa, 
nil CO,. Dntn oraginally in em" kg. Argon (Ar + Kr+Xel and helium llle+Sel 
vaiuea, in the sequence given. 3 30. 0.0030. O.'JO, 0.0420. 0.95. 



0.0037. K: 
with minor difference*. 



and Polyfcovskii (lUula) ll 

indicate CO and higher liyilr<»-*rlKina a* 0 0 t*rcent in analy^. 22 and 23. 

» In anal,-. 23a. 23b. and 23c the heating temperature i*t < and argon ii.r- 
aanuge of ArJ. in aenuenc, are 975". 0.01 |»re... nil', tr; '17.V, 0.01 la-reent 



The Ctl cmlenla are eubjert to larger uncertainty. H*S and HO, were found in tbe 
ga* frnm fhe biolite 

'* CO, include* other acid gaaea if peanant. 

» (Hr4Ne), O.OOOO perreat; (Ar + Kr 4-Xe), 0 2786 percent 

*• Dam for Nt include noble gaaea . data for CH* include OH*, and ar* uncertain 
where planed in parealheae*. 

it In analyse. 36 through 41 Ar and He value*, in the sequence given, are: 

1.40, ;2.B2, ; 1.10. 0.0038; 2.12. , 1.6, 0.0005. 1.12. 0.0104. Original 

analym. are in mUliliter* per kilogram. The author* state in a footnote In. 774) 
that tbe analytical method used (by difference) might give N, vaiuea that arc 
too high. 

•• The sum given by the author* doe* not equal the sum of the eonatituenta 
given, the latter are aaaurned correct for thi* recalculated analyau. 

" Average ol the two analyses presented by the author, (their number* 495 
and 195 8-11. 

■• Average of the three analiwea presented by the author* (their number* 49«. 
195 1-2, *ad 195). 

u Recalculated from estimated data. 
" Includes heavy hydrocarbon*. 

■ ! The data lor CO, include Nlla SO,, and H,H, if preaent. 

*• The data for CH, include N,, F,, noble gaaea, and higher hydrocarbons, if 

P ^Mnciuded alao trace of SO,, NH fc F. CICI. and hydrocnrbotiaC). 

In analyse* 4(1. 17. and 48 He and Ar values, in the sequence given, are: 2.41. 
0.80: 0,34. 0 031: 0.018, 0 0011. The author* imply (p. 4461 that tlie Hi. CO. ami 
O, iniglit be from the decomposition of additional HeO and <X),. 

o Reealculaleil from data of Danoia aail Kulp 119.58, table 6) plus 0.21 weight 
percent HeO iProf. P. E. Onmoo, written commun., 1963), 

•t IffO waaaaaunsed to be 0.24 weight t*<rcent to compare with other two analyaea. 

41 The Hi and CO found were aaeumed to lie formed from the deeom|ioaillun of 
HeO and CO,. 

M He. 3.0, Ar, 0.3; SOi, 0.2 vulume percent. 

"CO, include* 11,8 if present: CHi includea C n ll, n .i aersea; N, Include* rare 
gaaea. CgJIgai 0.0 percent . 

- Analvses 50 through 54 reealculaleil frnm the,r daia. Analyses for CI,, in tbe 
sequence given are. 0 006, 0.005, 0 87. a d, 0,05. 

" Kovalialun (1962) uuolea this analysis alao. but he lists tbe CO, determination 
is"CO,+ Hat " 

«• Kekative volunve of water not staled. 

v* Assumed by Onova ami other* (1957'i to be in error (ace teit). 

*• Only one aaalyai* aa such ia given, and for each of ihrer other tv"|. 
by Chukhrov. Analyaea 56 ami 57 are baaed on a total of 30 indi< 
aaaly«ea: only the extremes are reiairted here. CM, includea heavy h] 

" In analyses 58 and 59 SiFi ia reported aa 0 and 2.4. reapeetl 
NO, 0, 6.8. Si, ineJmlea rare gases. 

«SiF«, 6.86; I Id. 1 49; V. 20,000 |mm; lues on ignition. 1.52 weight percent; 
\l include* rare gaaea. 

» SiF. .0 0; HCI. 0.0. C. HO p,«,.. lis. on ignition, 8.06 -eight percent; N, in- 
eludes rare gaaea. 

"SO, I* reported aa 4.3 and 7.1 percent in analyaea 62 and 83. respectively. 
Hi indiidea rare gases. 

" Dupbeaie aam|4ea were heated to 40n»C in vacuum or crushed in vacuum 



idusl sample 
.',:r- tearbon, 

HCI, 0. 1.0; 



Digitized by Google 



JJ146 



DATA OF GEOCHEMISTRY 



Table 3. — Summary of quantilatirt and trmtauanti- 

< X indjeata* quantitative analyse* were mad* oa all ■ample*, or number in parentheaea iadieata* number of aainpUa on which analw mere made. Other irmbol* 8, 
of prtaumably quantitative analy— ; N.d- Dot delawe.1 tr. traee As attempt <ra< made to report only the oricinal •latemenu of ualyaa*. but it i> not »lw> 



ToUl number of 



Na K Ca M« CI 



Li 



O. Al> Cu r PO. w 



Br HCO. ' 



Ac* rrri in nn [ 

. IBM. 



i. IMS. 

Andruaenko aad Ilin. 1940. 

Andruaenko and Kiyevlenko. 
MM, 

Andnnenkoand Kiyevlenko, 



Aaufriyev, 



Anufrtyev, 196* 

Aroautov and other* 1944. . . 
Aaiadi and Chaicneau. 1962. 

, 1949 



randMotiatyuk. 1952 

Deri.na and Sotmkov. 1944 

Hoaron.olov and Kraaorakii, 
]!>(. 

Brain.' and Kovalialiin. IttM 

Bratua' and other*. 1948 

, 18S1 

au. 1W 

mm, 1967b 

Cliait nean and Aaaadi, 1963 
Oiairnenu and Mohnelli, 

MM. 

diamhevlin. 1 90S 

Chukhrov. 1940 

< 'lamatukr and other* 1943 
DaitiM and Knlp," 1998. . . 
Diniarnko. 1947 

Ifcdcov, I94M 

I>ola\iv. Puarebnyak. and 

Dolomonova 

I )oroeltenko and other*. 

Hinaoa, 1949 

Elinaon, 1»M 

Klinaon and Polykovakii. 

tenia and lwllh. 
Hinaoa aad Polykovakii. 

INK 

KUoaon and Polykovakii. 
1947. 

Kliaaon. Polykovakii. and 
Shuvalo*. 19«*. 

Klineon and Saaonov. 1964.. 

Kminiuie 1904 

Krm.koV. 1944b....;::::;: 

Kv.ikova and Mwkalywk. 
194*. 

Faber, ItHI 

Kedorehuk, 1943 

Peilor.-U.ik and other*. 1943 

IVklieliev, 1969 

Hnl.r.1. IW*M 



T 
4 
4 
2 
• 
37 
1 

W 
I* 
10 

e 

7 

u 

li 

II 

* 

>4? 

a 

7 
I 

a 
• 

5 

7 

112 
31 

a 

4 
14 



18 

at 

27 
14 
II 
13 
• 



32 
I 



2 
19 



>l 
6 



X X K 8 X X X X I I 8 

X X X X X X X 

X X X X 

X (3) I (3) X (3) 8 (7) 

X X X X X X (I) .... (I) X 

X X X .... X - - - - X .... .... .... .... . . . • ■« mm X *> a * a ■■• ■ 

X X X X X X X X X .... X 

X X X (91 X X (10) (S) X 

X X X X X X X - - - - - - - X - - X .... X • a • • X 



X X X X X X 

XXX .... X X 

X X X X 

X X X X X X 



"X 
X 
X 



X" 
X 



:: x 



(71 



(7) 



X 
X 
X 



X 
X 



X 
X 
X 



X 
X 



X X 
X X 
X X 



:::: x r "x :::: x x :::: x 

1MJ • a • • • • » » . . - . - - - • X 



x 

X 



X 
X 



X 
X 



Digitized by Google 



COMPOSITION OF FLUID INCLUSIONS 



J J 147 



chemical and itotopie analym of fluid inclusion* 

k determination (<|ualiutiv* or aeouq.uantjU.tlve ) ; R. rmtioa only wen given in original; E. eetuuate only, tjualiutiv* analyaaa, or ipialiutjve nutement 
■eogmie duplication where credit* »re not liven or »r» not available becnuae of partial tranalalioa) 



CO.-! F»> nrO CO,* CO Hi Nr* CH. C,H. H.S* Other D/H 

X X X X X X X O,. Ar. He Halite ud .ylvlu 

pine unit ). 

■ . — - — — ------ - - — - - — . . . . ...... ...... ■•ia>>4iiniaa*i>iitaiia>i ...... ...... GalcflB. bente, UM 

ttuorite (2). 

X X Iceland «per and 

enatrime. 



Pb. Zn. Mo. Ni, Pi. Oa. 

RnlRh'l. La. V. 

>—■■■ ■ mmm ■ mmm ■ ■■ m »■■ ■ mmm (»0 IJOi' 



CelealiU and baiite: 
Lower Tung.»k 



.. X Iretand .par. (ram 

pegmatite,* 

E E E O.(E) X Quaru. southern I" rata. 

C.ti.S.R. 

eSr(ft) Quarts from eeuthern 

Ural.. VMM .R. 

M». Ni. Tl QuarU, rluortle. rliam- 

bered pecmatite. 

X X X X SiF- HCI Antoioniu (.uranifarou. 

X X X X On arid eaten 



X X X X X X Ar, H,B<1). SO.(l) Varitma, 

X X X X X X Hydrocarbon. Fl™M 



Fluortle. Kna 
Quaru and Hi 
pecmatite.* 



X 



Sr. Bn X QuarU cryatala: Aldan. 

U.H.H.R. 

X Mn. Ni. Ti Quaru from Sorakii ore 

deposit. 

X Sphalerite and galena. 

O Quaru from grephile- 

beahng veioa. 1 ' 

X X XXX Ar - X Qu.rtl from pegmatite*. 

Oi Halite, u . ;, -,,„ 

Poland." 

SOi, HCI Apatiu; Oka compUi. 

Canada. 

X HCI. SOi, CH,. CSO. QuarU. rarioua locali- 

tiea." 

SlFt. HCI. NO. , .. Noniiraniferoiw fliiorile. 

SOt Mineral, of Calamita 

„ .. .... magnetite depoait. 

X 80>. Ha, NHa. Rocka." 

Quaru." 

Ma, Zn Fluonte and im.ru " 

X 0>, He. Ar. SO.(l) Beryl. 

Bitumen. Ar Alkaline rock, and 

mineral.. 

X Or. Various," 

Oi. aeidgaaea Ga* bubblea in tektitea. 
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X 


"X 



X SOi. NHi. CI. . 



O^a + NVhfAr+krT" .I." 

It. TL Quaru " 

. Ag, 



O,. (He-rNe). (Ar+Kr 



X Fluorite from various 

depoaiU. 

X X X X M.taiiKirphie i 



ntary 



lie and ■ 
rorka. 




X X X X X 

X X 18) X Ar. Ha 

X X X X X X Ar. H. 

X X X X Ar. He QuarU from akarna. 

X X X . ...... ... Granite and greet** 

from tungsten de- 

X XXX (Ar+Kr+Xel Vaaiaajl mineral, from 



X X X X X Oi Various igneous 

e: Beitai 



x x m * BtF,-«, •«!, c.r, i*. w. 

14). bawlt^y). 



Pb.Ti. Zn. Zr(S). ijegmatit.." 

X X Caleite and ikiUmuLe 

i rarbonati 



X 
X 




■ "x" "x" "x" "X' "x" :::::: o^^+Ki~Vui+wi+' 



H*-ryl , 
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DATA OF GEOCHEMISTRY 

Table 3.— Summary of quaitlitatiM and i 



Total number oi 



Ma K C. Mc Q 90. U 



oi ai> cu r po. 



Si- Br HOO,-- 



Gnfurl. 1965 

Govorov and othtrv 



left*. 



'irmhkin anrl Prikliirl'kn, 

1942: and Gmnhkrn I9S8. 
HalTtyaad Pincknry. 1987. . 
Hall and Friedman 1983.. . 



In'ahln, t 
IvantWiin. 11147. 
I'a»ki aodolhm. ISM.. 
JeHrry and Klpplm. 1963. 
KalvMilinayn and 

Knlyuihnyi. 1983. 
Kalyuilinyl. 1961 

Ka^urnnrf. 

Kalymhnyi and nlher*. 

am. 

Kalyuahnyl and Prltula. 
Kalyujhnyi and Pntola, 
Kalymhnyi and Sbchiritaya 

1982. 

Kb»tehiki>v. Knntuva, and 
other.. IOC*. 



Klutarov, D., II 
Khitamv. D.. 1! 
Klutarov and M< 

lx» 



Khitarov and Rrnxarten. 

1956. 

Khilarov and other*. 1958.. 
Khitarnv and 'rtiameyin- 

^..^1,1984 



K.yevleako. 1918 and 19IW. 
Klyakliin «twl l,evit*kii. 
[968 

Kokubii and KaUura. 1946. 
Kokglni and otheni, 19S7... 

Kolt in. 1957 

KSnj**bef«.ee and Mailer. 

ISOfl. IIIOSI, 
Koptev-Dvomikov and 

other., 1982. 
Koatylrva. 19M 

Kuvaliaklm 1902 

Kovaliahin. I 

Kcv.lnnin. 1 

Kramer. 1984 

Kranj. 1965 ami I'XMI 

Kraiu. 1988a and 1988b.... 

• . 1967 

_ imii 

1-ev.leyn and Malinko. 1947. 

LMkqra and Mal.nko. 1981. 

Malyihev and 1 

■kit 1984. 
Ma*lova. 1981. 

Do 

M •»!.,>«, 1983. 
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chemical and i*oiopic analy*?* of fluid 



co.- 



Fa' 



HjO CO,' 



Hi 



Nr» CU, C t H. H»S' 



D/H 



Sam|>te notaa 



X 

"X 

M 

X 



Oi, Ai 

NH. -1 I4). NOi(4>;Ti. Ct. 

Ni. Mb. Sr. Ba. Pb. Zn. 

Ait. Kfl. Cd, On; all S, 
Mn. Ba. Sr. TL Cr. Ni. Zn. 

Mo. Pb. V, Af. Cd. all S. 
Oi 



X 
X 



Ireland «(■«.*• 

Quart! Pamir. U.K.K.R. 
Antarctic ire." 
Quarti from rock 
vrina. 

Quarts: Waatrrn 
Pamira." 



<4) 



<4) 



X 
X 



WD 



X 
X 



X 


X 


X 


X 






X 


X 


X 


X 


X 


I 


X 






X 


X 


X 


X 




X 


X 


X 




X 


"x" 


X" 


X 


X 


X 


X 


X 


X 




X 


X 


X 


X 


X 




X 


X 


X 


X 


X 


«> 


X 


X 


X 


X 


X 




X 


X 


(IB) 


<M) 


(16) 




<■«) 


(16) 




X 


X 


X 




X 


X 



NO. O,.. 
Ok hfry I 
Plua 13 othar t 

UU+Si+jL). (Ne+He). 

eta >..::::::::::: 
oau c.ji,. , 



fluoric. ate.. 

(ram granite iiacma- 

titta." 

Do. 

Quarti awl rluoaita: 
Kayib maaaif" 

Tourmaline from 
paftinatitaa. 

1'ota.h nalta: Han and 

m 



Caraallltf 



O,. CH^CJI.a Ha(l). 
Ar(l). 



N.d. 



CH.do) 
Ha. Cilti. . 



Rock.. Kola Pcni-auk..- 

l>o." 
lirnrii i» roclta. Kola 

Paninaula. I'.H K.R. 
Mineral- and rock». Kola 

Paninaula.." 

Alkalic iwU Kola 

Peninsula." 
Alkalic rock». Kola 



X 
X 



I 

X 



E 

(»> 

X 
X 



1 


t: 




(3) 


(3) 


(1) 


X 


X 




X 


X 


X 


X 


X 


X 



Mn. Ti. L«. V(S).i 

Ar Ha 

Sr. H»f2l. Ar<3).. 



Ha. Ar 
Ar. Ha 



X 
X 



Ar. 



Nb. Be. Cu. Pb. Hn. fla, V, 
Y, Mn. Ni. Ti. Cr. Mo. Zr. 
8* (8). 



X 
X 

X 
X 



Quarto " 

Quarti; HkartM of Tien- 

f*an.» 
Quaru-feldxtiar vaina." 
Quart* ; akarna of Tiea- 

ftoao." 
Ke*da|*ar from cranil*. 
Quarti from tercmatitee 

of Volynla." 
Quart*: Kinnt iBrltuaoa* 



(14) 



(1) 
I 



<14) 



i 
8 



-tv :::::: "e 
X x S> 



Ru; all K. 

Mn. Ni. Ti. Pb. Zn: all H 

O.(E). V, Mi Cu. Zn, Pb. 

A.. Ni. Ti. (>, Hr: all S. 
Mn. N.. Pb. A*. Zn. Sr: 



X 
X 



9 



(••tailra.aa) - - . ■ I 

• ••••• ••■>■■■ . ■ . 



X 
X 



Quarta. Soviet Far 

Eaat." 
Quart! from iM-aiuutite. 

Quarti : hydrothermal 
(81. iBataniorphie (>), 
cheat (I). 

Fluorile 17 >. galena (4). 
■luaru (Jr. mhakrite 
17). and rain* (I I. 

Quarti. 

Mlihatarll*. ealelu-, and 
iiuarta, " 
f)o " 

Do.n 



' b\'.'.'.'.'.". 



E 
X 



<i X s, 



X 
X 



X 
(7) 
X 



ttt) 



NH. '. NO,. N(k. 



X 
X 



X SA. X 



X 
X 



N.d. 
X 



.. o. 

.. Ot.... 



n 

"x" 



Quarta. feldaiiar. and 
K|««l.iro»na. 

Fluorite and <|uaru from 

ri»lfu"r?SirUy:» 

(irpaum. 

Caleite. 

Quaru from vain in 

marbleiaed liwe- 

•tonea." 
rlikalm ite Betibelina, and 

tuatiirnle; flrcenland. 1 * 
reaniatitc*; Tarbajcatai 
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DATA OF GEOCHEMISTRY 



of qvaniitali* 



iNttffa 



Refer 



Total number of 
auipkes nu! ysed 



Na 



K 



Mg CI SO. 



[lb 



Cs At< 



PO. B> Si' Br HCO, 



x x § £ x S :::: :::: :::: :::: : .:: x 5*5 :::: 8 

X X X X X .... .... . . . . •••• ■ a, a a a a a • . . . . - . . . - - X 

X (II) X (1) (171 

-X X 4IC *X .... . . . . .... ■»•■**** *n> .*>.*> *>■>.■ • •«*> *.*. X 

a #^ J ^ J J t-0 I X .... .... .... 

B a . . . _ fc ■ - .... .... .... .... .... . " - .... ••■■> • * » • .... 

9. * • • • • vi • • vi" - • « • « .... .... ■_>■■ *>*•*> Jm . . . . .... .... .... ... 

x .... x x x x x 

* .... 8 8 X X S X .... X 

X X X X X X X .... X 

X X X X X X HU. S.d. NU. S.d X X 

X X X X X X .... .... .... X .... X mmmm .... X .... X 

X X X X X X X X .... X .... X 

.... •*-- .... .... .... .... .... • * •>••*> •*.• ■>•>*>• •>*>•>■ e> a • a . ■ » . •>•>». .*>•*> 

X X X X X X X X .... X .... X X 

"x" "x' "x" x" x" x" :::: :::: :::: :::: :::: :::: :::: "ir :::: :::: "x 



D eJiameyahrUi. 18*5 

UeHuwythvili and 
Ktiitaror. IMS. 

Umova ud other*. 1957 

Uehakovskli, lBO* 

Valyaahko ud a then. IBM. 

Vn»jl*v ud othera, IMI... 

Vulehia. 1061 

KrS ibm 

W riaht , 1881 ....... . ...... 

YusUin and Srebrodolekli. 
lBfto, 

Zakharrheoko. 1BS0 

ZnAharrdurtuto, 1901 

Zakharcheuko ud 
Mo*k*lyuk. 1908. 



TniliKT. 19*4. 
Zakharclienko and other*. 

MM 

7.*kr«hev»kaya, 1904 

Z*k rabevai »y» ud Klinnon, 
INK 

ZatJukhe ud others. 1967.. 
Zavantekii ud Batekhtin. 

1937. 

Zimnurrraann. 19oo 

ZoJulklun. 1BSB 
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IS 
I 
I 



II 
I 
» 

1 

13 

e 
« 



■ Variously stated In original analyaaa. aa element, olid*. *te. 

• l aually include* "other and gaam- " 
' Usually includes rare gnsce 

• Th* absorbent* used in many analyaaa for COi alao abaorb H,S, and bene* 
yield only total (CO, + H*}. pin. other and grow.. An "X" in Uiw column vigni- 
Saa specific indicatiooa of til* presence of H*S. or (HaS. SO,. Ml,, and CI), aa 
opjioaed to COt. 

' Include* eeven analyse* of individual ineliiaiona. m anixarcntly quoted from 
earlier papera of Khitaxov. Rengartea. and Lebedev* 11958! and K-iyevlenko 
(IBS* I. with antn* gram change* (mlaprinta? ). Th* otbar 30 art of aqueous ei- 



• Not found Rb. Cm. Br. Mg. Fa*'. Fe". Al. 81. F '. SO,-". HCO. <. 
1 CO analywea are subject u> aome uneartaintie* .** tb* original 
■ Mam spectrvmelrir determinations were made using two 



procedure* on each sample — beating to 400 e C. or crushing- both In v 
carbon* of man number* 77, 49. and 47 were prominent in the < 
' Very high value* for Mn Fe, Ni. and Ti were reported. 
'■CH.w .urn of r „Hi„.. aerie*. C.H_ and CO were not dauclad. 
"Hi. CO. and ethylene all were 0.00 percent (Huaaea. 1HSI. |>. 151 ). 
" Knell aample analysed by lit*** .l»ectrogra|>b using two extraction procedure* — 




Hall <19<H 

11 Includes 
analysis 49, table J. ) 

« ll# is sum of (HaS+MOr): in part from liter 
"flaAc* stated only in graphical, ratio form. 
NH.+CI+F) la plotted, although SO, and Ml. were mowt 
• l«hide. .34 analyaaa for lieav; 



•urn of ISO, +11* 4 



"CII, include* heavy hydrt _ 
eraU for F. DeO. II rO 8. and CO,. 

" Fa, Cu, Tl. Ca. Za. and Cr -wrj alao de 
the II daughter minerals lining the Hum 
ruinations listed were „n the quart* iUelf. pi 
- Both an lata leach and a w.1 

fi a^Tan »„. I.ted aa Fe"' (nd.). which was prob- 



contained 15 recoct 
i analysed 



detected, by electron raic 
inctuaeoo*. The i-peeli 
imabty with fluid i 
r analyied f 



" Mao 



abJyF 



• FedfHThuk (1943) Quote, the ran** *>t -E»*:>-n» "by Manlnva" tit xtM-liiiijiH 
hkIu-iodji in rii.raj»t..f M^uuufuiijc cryviMh of iiHe.ru from mvrcury dvpoaits of 
''tb* eounoordnnt type.*' The rmncea Kr.*n are ao cloac m many raipacta to thoa* 



nivrc by Maalova HVfla, and by P«di>ffehttk, K(iatylnv*-l*ab>inUM>va. and Mmdlova 
i I i , Ml ii-flij»wn»i in qunrti "from m«rcui^-antimony dVpoaita," that they are 
probably the same analyr<r«: there are some very mnuiieant di*f*renr«ai, however, 
in that Fedorchuk (11MU) t**m a -rider pH nuuee (6-0-7.4) ami lo*er pclamium 
value* (0.09-0.12 «/l ). aa well aa other more minor differencea. 

" The analyaea c*van in Fftdcrchuk. Koatyleva-Laabuntaeva, and Maalova 
UWU) are the earn* aa thoaa in Maalova (l»«3^, ami prwiimably Uiey are the 
name aa tboae n»en by Fedorrhuk (1063) See footnote M. 

** Mia i«pectron>etr>r analyaiM ol caaea evojvad on aeiiuentiaJ baaUoc lo 1 <MW^ '. 
Trarea uf IICl ware found, but no HO, or HT were found. 

" Made by both ntomk nbaorption ■ptwtroaoopy and a new method of optical 
rmiaiion ftpectroeraphy. 

■•AlaaiMtatialyewwof biiiiniena tor C. H. and fV+O-f-S). 
w "IVniO+K/J" only given in oncinnl. The analyaaa are preaeatcxl in two 
forma — aa "pareent of aquaoun axtraet." and aa ''reawluea. aa percent in c*&rna" , 
thc-ne <lata are mutually co«trndictory. 

OeteTirtmationa war 
tog raphy. Hydroearb-in. 
•ten were believed to be : 
imn-beaKna mioerala. 
»iNa+K) ilei*rni»n#Hl 
• ,eacha.ea anal> 



.on witb flux followed by na rhrumn 



aaalyaed from each sample: do chlorine found in any leach. 



" Only Mg and 80. wans found in 12 of the analyaaa; 
armined" 



'not determined" or "not deUwiled." 

" Ph i was found to eieeed the sum of all other < 
••Alao 21 aaalyaas of rock* for CO, only. Gogu*! (I9«3) believe* , 
CO, found ram* from tb* devjocvaUon of rarlN.iiatr. on tmaung b. 
H Sis of those analyaaa are alao reported by Kiyevlenko ( 195ft. I95B I . 
*' TKi* is a rev., article in wherJi various rbemical ralatioaabipa ft 
type, .if .le t.a.,1* «re plotted Seventeen new analyse* are listed however, I 
uniiuhlwihed report* that are "in preas. "' 
" The*, an aoalye*. are alao raporta. 
119581. 

"See Kokubu. Mayeda. and Urey (19«1). 
••Anal>-ae* by N I. Khitarov. 

<i Kastyleva I I9rj4. uble 101 ii.i* anal>>e* for CO, pltig othee acid gaaa*. O,, 
i that "HrO" may be H, and the i«xi " 



• vnrious 
*r. from 



HrO. f 'Or. etc. From the teit It appears ■ 



"CO," may b* CH.. The sis aaafyaea are ultrauiM-rorheriucal dcterniinaUoo* by 
I N, Maalova. 
""CO," is (Bafl+CIM: "CH." i»"C, 
" My vacuum ball nulling C.I I. ami 
" J. R. Kramer (oral and written i 
Ilahed iiuantltattve srialytw* — aa* table ft. 

' laclude* ivnme tnasa .(MM'trometrir analyae* uf the g a . e s Ut 
orinated liydrocarbooa. 

** By gaa chriMnatugrafihy^naaa ap*ctromatry of gases from vacuum grinrliag. 



Ha^i am«: C.rUj aerie* was not 
mmuV W |BM)"blu. "proTHie<l two i 



variety of fhi- 
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co,-> 



HrO 



CO«» 



CO 



cm 



CiHs H,S' 



(HUt 



IVH 



pH 



Sample note* 



x 
x 



" <I4> 



(15) (IS) (IS) 



• • wa*we>wa>aasa<aaaaa«,n.aa.a*at> * * * a * » 

». 



(IS) 

X 
X 



X 
X 



(4) 
(10) 



X 



X 
X 



Barite from many de- 
posits, *■ 
Barite: Caucasian de- 
poaita. " 



Quarts, 



(2) 
X 

a 



x 



X 
K 



(6) Cft) " " x" " ""**" 



X 
E 



I'nderaaturatad bydrocar- 

bone. Ot, He. Ar. 

Mn(lO). Zn. Pb. A«. all 8 

Hit and At (K) 

SO.. XH.CU HA TO 



E Mn(S). 



X 





(l»> 


(12) 
X 


(12) 


<l*> 
X 




X 




X 




X 


X X 


(4) 


(4> 


(4) 
X 


(4) 
X 


(41 
X 




X X 


X 


X 


X 


X 



0. . CI, 

01 Quarts: Southern Irela." 

. .. Apatite; Khibiny 4a- 

;■■'!!- 

Gas from lumberbta. 

Quarts, beryl. and topas. 

QuuU. 

K Sulfur; " 

dol ( 
X Quarti 

X Quarts veins; Kasakh- 

stan. U.S.8.R.. 
X Quarts from pegmatites 

of Kola Peninsula." 
X Quarts and nuonut from 
Kasstl. i»-(matitea. 
See footnote 54. 
X Quarts and rluorits from 
Kasaata |ie*matit*a. •• 

Nepheiine-apatite ores. 

Do. 

Fluorite: near-Asov area. 

Ho re bale in ti 



+ Ne>. (Ar + 



.Ma, CmH*,, Oi. HOj 

Or. rare pM 



Quarti. X 
Cavity in 



A variety of amine*, nitrites, and fluorinaled hydrocarbon compounds «vrv de- 
ter mined . 

"Aa repstrted in "Ri-feratiTnyi Zhurnal GmAtmy," abstract 4492, 195B. K and 
Na bicarbonate* were much greater than chloride*, and COj "*m present." Trie 
original a.rt*cli» may give quantitative data. 

'•HiF, - «»« ttot found- 

** AltOi and FerOs combined; NatO and KsO combined. 

Total concentration* of aalta ib the inclusion* ranged (ram 116 to 440 g/l. 
The uuiKe analyse* »wr given by Maslnva (19661, 

■ Made by mas* *-H>rtroti>rtry on gases evolved on melting in vacuo. 

" Na «* tba sum of (Na + Kl. obtained by dif 

" Helium amur. g*se* were looked Tor by 1 . 
10-ltg sample and were not found. The amount of water obtained wan about 10 
lima* tii* weight of alt other gaaea together. 

M A number of individual determination* were listed aa not detected, trace, or 
not determined. Moakatyuk ( 19611 include* mint analyse* of granite* and sulfide 
ore*. Two of th* analyse* in MoskaJyuk (1961 1 are alao given by Zakharrhenko 
and Trufaaov (19641 with eonmoVrably different value* for 

* k B wa* detected in only on* sample. No M or Fa** waa 
Hum of C0--+ II »H refKwted only, 

H lonir constituents were determined by atomic absorption 00 both 
acid le»c he* ; gaaea were determined by ma** ii|e*ctr<imetry after 1 
vaeuum crushing and by iierre,ntation. H*S wa* not detected. 

*< Kach is an average of several aatnplea. Alao include* two analyse* of bituni*<na 
extracted »ilh cldoToform. 

»• Some uf the*** *cu.|y*e-» are given, with slightly different number*, by Peteml'e 
(l!*fll and 1092). Most are averagca for up to 14 aample*. Analyse* ar* alao given 
for C.11 1 and C.Hn. Tbn hst-unies* in three rocks were alao analysed ; Peters* l*e 
(19631 daaerittm complex aromatic hydrorarbona and eater* of carboiytic acid*. 

*' Includes 69 mineral analyse*, a* eight a vera***, and sevoa roek avrraav*. The 
mineral data table hratting* inejude "C.llj" and "C»H«" whteh preeu mably are 
rjuapimt* for (rdli and ViH%. 

11 Sixteen analyaee of gaaea from roek* and 10 an* I >■•••» <if bitumen* (fur <_*. H. 
and N-r-O+8) ar* reported; all are average* for from one to seven aample* of 
given roek typw*, 

Analyai* by varuum eruahing and ■** ehromati»gra4ihy. Appreriah** aniomnts 
were alao reportotl for iwh^ MIh. n-CtHt: i*o-T»Hii; and o-C.Hi-. 

«*AIm> dfetermined density (1.231 g/ml I and oxidation-reduction potential 
*' No Ke* 3 wa* detected, only Ke*". See almi fuutbiite 45, 

« No Fe"» wa* iletm-tsed. only Ke*». Theae anatyaes. by A. A. Moakalyuk. ap- 
parently are the •nine five a* preaented by Poly ko vakil (1962a) but there are 
oorauderablc differeocea both in calculated ronrentratson* aad ratios ; the Rim of 
the »tat#d *>n witn^niratiofia agree* with the ium of the ralculated *alu in Poly- 
kovakii (1962b. uble 21 but doe* not agree in Polykovakii (1962a. jk 474). The 
data on calculated salt* from Polykovakii a»62aK however, are duplicated in 
Folykovakii (1965). 



d analyse* < t un4ed from Pnkaarhikov 
Trace* of Sr. Ea. Li. and Rb are repoi 
cruabed ouaru; the other* are from m 



M From original preaentatson (In abstract I of Mnipnattkin a* salt*. 
,r Five analyaea of le*eltes. stated aa assumed salt concentrations, are duplicated 
front Polykovakii (I962a>. 

** Include* four prerioualy' published 1 
otbers (1964). "Na " is sum of Na-f K. 

** One analytia waa of a leach from < 
milliliter inclutton*. "Na"*- Na +K. 

: *Also seaiUpiantitative spectrograplitc anatyaes for Al. Fe. Mb. N't. Ti, Cu. 
Pb. A«. Hi Zn. Be. Sr. Li. V. 8n. and <m 

Incluaion aample* *imilar Ut thus* on which Hawkins (1963) determined 
; behatior and filling temperature*, from Pro\ iiJenria. Mexico, 
smic abaorption for all hut Cl ami S0 4 , which »are lietcrminad by X-ray 
ftuora*ennr*. 

' SOt. HiS. NHi. HO. and HF were not found. 

^Traces of K. Ha. and Sr ala» fuund. The mul concentration of salt* in thia 
large incliistinn (6 cm*) was 0 1003 percent 
11 As quoted by lOiodakovikiy (196A). 

* H*S u the sum of arid gaaea; heavy hydrurartxiBM were nut found. 
ir Al*» and Fe*» were not detected. 

<• Includes an additional 48 analyse* for Na/K ratio and 38 analyse* for H< O. »/ 

CI ' ratio. 

Tt All 56 anal>-*e* are presented aa 15 average* in the form of the ratios N'a/K, 
Na/Ca. Cl/IICOt. and Cl/F. The methoda of extraction and analyst* are not 



: SOO" to i*xr<" 



••All 12 are multiple 
given for unspeciited 
»*re analysed. 

" Mass it-ectrotreetnc analv-ac* of the soaes evolved 
increment* from 100* to 5MrC'. 

« Only trace* of Fe**. Fe*', B. and F were found, 

*' HjO waa determined by lo** in weight after 2 ho 

*' pll value* are calculated fnsm (Hit and IK ~< >i 

■ As»rajted(*) data from 19 aamplea. N: was determined by d.llW*nre. 

"Analyaea for Ca, I1C0, '. and H»PO. I .howed equal value* Tor b 

" Trare of B found in one sample. 

•• Rather large quantities of rare mates were found. No 0,. CO. or CHi 
.leleeted. U. B. Sr. Ke"'. and ("• aere deteelable in some saJiiusm. but 
no deteetablr Fe - '. 

•' Saniplea from two localities, eaeh roratiatirut of a pair, with an 
inrlusetirei. Analyww by rnasn sliertrrMiielry of irasew e^olvnd an 
10 200°. 400" 000-. 800', 1.000'. and 1 ,200 e C CO and Vt we 
taniinataon. Some hyiln>rarhuna of uuue 28 were obtained. 

•« ■ Na+K 'only™*iven in 



uldbe 



to eon- 
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DATA OF GEOCHEMISTRY 



Table 4.—. 



of fluid inclusion* originally dated only as 

|N.d. not determined] 



'J.-. 



by weight 



HCOi/Cl r/ci 



K/Cl 



Na/Cl Mg/CI Ca/Cl 



Br/CI BO./C1 



Sample 



INCLUSIONS FROM QUARTZ VEINS 



It 



NMpV 1 



Rutherford," 
I963.' 



.-do 0.1 

..do.... l.< 

* > OO. ■ - . • • - • 



i»w< 

do 



083 0.01! 
490 .007 



0 243 


0.741 


0 018 


0 374 


168 


404 


.008 




M 




:S 


l.Jf 


one 

000 


.494 
.347 


.0014 
030 


.!» 
.334 



INCLCMONH FROM S A LINK BOTH 



0. ITS QuKrtB-gold-pyriie r«o u 

■ociatfi with gr-viuU d.km 

B«cmovk«. Ut»l. t*.HJJ.R. 
, 562 Quarts vedns in ntUmor* 

pbOMwl iwtwjii.i^ntjt , lu|(h 

of l>««wi^n. I'SS.R. 
2.0W Do. 
. VtiB qutiu ; Coronation 

mine. Flin Flon im. 

Seeks tchewsa. 
.040 Cry*tal-b«aring wine. 

Southern Ural*. I* R.S.R. 
.082 NonerYatal-bnering vein*; 

Southern IjniU. U.H.H.K. 



I 

7 

• 

• 

10 
II 
12 

II 

14) 
II 



■r, 1988 

Is. do... 

lo Chert 



0.00063 0.030 



0.83 

81 

.81 



.do <fc 

. 1963«... Halite. 



• ■ ' • .00. -QO* . . ■ •••■■■>• *> • • ••••*■••*• 

OO......... QO- . . . loHiHau 

- - - - -do. _ - — — — - - tin - ••••••• 



014 

.031 

.076 
.219 
.237 



0.124 0.41 

.113 .28 

.170 3* 

.136 03 

000 00122 N.d. 

000 0138 N.d. 

00 .016 .034 

.00 .017 N.d. 



.171 



0211 



felt bed. of • 

Soil bed. of felisa Group 
(Silurian); Cleveland, Ohio 

I'ppem.uet Niagara (Middle 
Silurian) chert.: Niagara 
eererpmrst. Ontario. 

Upnermoat Niagara '.Middle 
mlurias) cheru, Manitowoc. 
Wla. 

Wellington Formation of 



Hut 
Do, 
Do. 

la core at MS s ft; 
Formation of 
Nave) Air Station. 
Hutrhiaaon. Ken*. 
Core No. 2. 1,504 ft: Saline 
"B" aalt (Silurian)! 
fioderieh. Ontario. 
Salado. first ore aone 

(Permian). U.S. Bora, nu 
Carbbed, N Mej. 
Do. 

nt aalt: aalt flat*. 




1 Analraaa for six s a m ple. (No*. 20 through 28) by Vul'ohia, all very similar, 
ara averaged .ml rer.ln.Ute>! here. The method of Hatemest of these analy.ee 
in the original M obaeure; pre.um.bly they ware normal! mH to 2 "percent" 

dly ..elusive data In the original 



runi 

Al+Fe+Ma (in the LU irate? 

arently misprint*) were chanced in the 
«7). who review, the incluaion studies or 
a. 6th*r .sight rati-: BO. CI. 0.W1 ; Al 
• Recalculated from Sharkovs aamplea ] 



irigiru 

uotation of theae data by Koltun 
uie dapoait; th. newer data are uaed 

4-Fe+Mn/CI. 0.406. 
186 (2) and 284(3). The actual con- 



of chloride in the two leach solutions (analyse* 2 and 3) were 61.98 

uence were 0.928 
ach realduea, in 

Ms. 0.001-0.01. 



0 001-0 01 Nl. 0.01. 0 01; 71. 0.001, 0.001; Cu, 0.001-0.01, 0.001-0.01; Pb, 0.01 
0.01: Zn 0.001-0.01. 0.01. 

■ Aa a chloride analyala waa not reported, a weight ratio of 0.8 for Ne/CI wae 
oarnmed here to permit comparison. Different ratio, are atated in the original 
thou, and it. abatract (Rutherford 19831. 

• Avarag*d<7) anatyate band on data on 19 samples. Original data gives aa 
percentage* of cation, and of aaiona: recalculated aasuming charge neutrality 



and 12.77 mgyi, reapectively. HeOi CI weight ratio, in the eminence 
and 3.802. Spectrographic reaulu for additional .lament, on leech 
the eequ.eee giv.n. -ere: Al 0.001 0.01. Ke. 0.001. 0.001; Mn. 



and that theae data waea weight percentage*. Both analyse, ahow a trace . 
Oa* Analyses were .leo made. 

■ Recalculated from original molar ratio*. Analyaea 4 and A were made 
by * mlcrocheniieal leaching procedure, analyaea 7 and 8 were made hy ball milling. 
• leatopio data oa theae aamplea .re reported by Hoteer, Kaplan, and Silverman 
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Table 5. — Analyst* of fluid inclusion* made on ttach solution* after eruthing or ball milling 

IDaU for aaalyaea are w alvea m oria-ioal re-fertar* eieept where they an recalculated in 1.000 K »nH are rounded (or uniformity. 

Tr.. time*: not reported; a.d.. not detected) 













Na M K" Ca*' 


Mi" CI' SO.-« Li*> 


HCO.-> 




INCLUSIONS IHOM PE 


GMAT.TES AND QUARTZ VEINS 







4 
S 

I 
9 

11 
12 



Luiuye and 
Melinko, 1M1.> 



Quaru 


10 40 


8 20 


HO OS 


3 84 


28. IM 


20 74 


....do 


15 20 


12 00 


47.54 


2 88 


48 22 


28 88 




■ 80 


JO l» 


30 63 


26 M 


87 04 


48 68 




15 80 


17 00 


23.34 


3 48 


38 88 


25 60 


....do 


64.4 




26 66 


12.84 


81 58 




Mlcrodine.. 


25.8 




37 68 


18 30 


85 24 




rlpoduroaae . 
Quaru 


188.0 
II 5 


.... 


aa 28 
54 


18.07 
.27 


138 28 
85 


Tr 
16 


....do. 


in 








50 


S 




in 


HI 






151 


u 



I 45 



20 74 
16 30 
51 34 

175,74 

274 58 
384 40 

55 



Quaru eryatal depoait in 
granite. Southern Urala. 
U.B.8.R. Sample 574. 
Quaru rryatal depoait ia 
•ramie Southern Train. 
t.S.S.R. Sample 100-11. 

Quaru rrv>ul .|r > in 

>: Southern l'rnl». 



WAR. Sampla 75-83-140. 
Quaru rrywUI depoait ia 
> 1 jarti tiorphyry; Southern 
Ural*. U.hi.S.R. Sample 601. 
Bpodumene pegmatite in 
" oteroioic craphilued 

-peeifled locality. 



Do, 

Out** >ofi# itl <|ii*rU rryvUM 
from riiuy 

A»ur»v»t»l. Ur*V CA8.H. 
Cor* of [-,'<■■'■■ pad in 
hornbUnd* ftefcut; 

Sample 1«*> 
Three (not quart! pod in 
fttiltwit* p-r!iuit; Anteloi 
liUod t'Uh. Sample 



INCLUSIONS FROM VARIOUS MINERALS AND ROCKS 



17 
H 

ft 



Oocuel. 1V63 '., 



.do- 
do.. 



Quaru... 

Ortboclaee. 
Itagioriaap. 

Btotjle . 
Quarta 



120 



do Orthoelna*. 

- - ■ - OO. ■ •••>•■••■ 



QuarU 



100 
112 



26 

27 
■2* 



. ! do. 



•.IBIS". Chert 



22 

130 
80 



I 1 



102 

i id" 

25 

6 

Oh 
79 
41 



6 

14 

II 

31 
■ 

40 

170 



1.3 
4.8 



100 


42 


256 


26 


230 


58 


102 


28 


140 


28 


3U0 


46 


06 


IS 


180 


M 


47 

6-25 


e 

16- 


.8 


». 


5.8 


Ill 



Do." 
Do* 
Do. 

Penmalite 

I Vara 



IBU. *j r UBVDn, K i ea ^7 . - 

tile, Laadaverk, Evj*. 



260 450 
30 120 



0 70 



102 

510 



1»64.» 

Yuahkia and 
Krebrodol'ak.L 
IWI5." 



1 41 

2.30 



I 64 
44 « 



6 0 



2.1 
1.06 



42 

48 

48.5 



12 8 



10 63 
85.4 



ivitliic!i»n*» i N»-K w»* It <* »]<!!> , 

Do." 

Yuuncaat Vanacaa fraaile. 
Andlau. 1. Voafee. Fra 

Mat 

Noe* . 
Opuoally rlear; 

una nown.* 
Olivine nodule In Tertiary 

ba.»H. llut.fr Hacen. Wont 

Germany." 
Paleoioic inlrinio 

ll-.|,ak,i*!, U.S.- 

Sample 20 " 
Paleoaoir intrunve cotnplel; 

Betpakdal. CSS 8.R. 

Ham|4e 75. •• 
Paleoioic dolomite*; Illinois 

Averace of eevea aample*. 
Paleotoir limextonee; lllimue. 

Averace of 12 aamplee. 
Nodulea in Pal. 

atone; Provo i 

Sample 23a. 
Cartxinatite of Gulinek 



U.8.8.R 

Do. 

Larae primary inrluaiona: 
Shnnm. .ulfur ilep.a.1. 

U.8.H.R. 



IN<:LUSIONS FROM VARIOUS TYPES OF MINERAL DEPOSITS 



Khiurov and 



31 .... do- 



ll-. . 



0 05 



N.d. 1.44 <0 0005 0.82 N.d 3.8 Ireland aper deposit la lull 

bed* aaaoriaud with trap 
rork iatriUH<>ne. Markhal, 
Siberia, U.S.B.R. Sample 8. 

N.d. 104 <0 0005 1 2 N d 2 3 Ioeland apar rtepoait in luS 

bed* aiMoriated with trap 
roek iniruaiona. Dibekinde, 
Siberia, IU.HH Sample 7. 

3.8 116.1 Cryatala from vun ia 

JVluaeyl vaiua 
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Table 5- 



offiuid 



DATA OF GEOCHEMISTRY 
inclusion* made an leath tolulion* after eruehing or ball miX/inff— Continued 



No. 



N.-' 



K*i Ca- 



Cl> 80.-> Li'< HCO."> 



34 - - - - ■'■■"-*■* 



u 



in 



1« 

M 



a 

M 
55 
M 



SO 

1.1 



7.87 
9,32 



2.8 

15 0 



25.4 
16 8 



1421 



800 

.41 1.58 
49 !« 



16.8 540 0 

O.M 15.4 6.29 
46 19.9 J. 10 



■ 


....do 




8.0. 


1.1 


1.4t 


30 


10.6 


• 08 


89 


Koatylera. 1964 ». 


....da 


40 0 


2 90 


1.10 


a.os 


70.0 


35 


40 


do. 


....do 


23.0 


6.00 


.40 




35.0 


.01 


41 


Puaanor, I960" 


....*> 


3 35 


2.24 


1.87 


2.07 


7 8 


5.76 


42 


-.-.do 


do..... 


3 .69 


3.58 


1.48 


3 93 


6 4 


6.99 


43 




....do..... 


7 0 


1.8 


1.0 


Tr. 


8 0 


Tr. 


M 




.... , M , . 


14.2 


0.0 


4 0 


Tr 


668 


Tr. 



Kliilaror. D., 

1965b." 
Bal.te.kil ud 

Lyiibofeyee. 

1*63" 
do 



nuorit*. 



6 0 

8.52 

45.54 

Tr. 



Oelrile 28 2D 

leoarae). 
Quuu 85 




0.325 

2.10 

12.2 
27 5 
24 6 

3 0 



274 


10 8 


130.5 


N.d. 


190 6 


:»06 


7 29 


7.44 


2160 


1» 93 


31 03 


7 29 


106.38 


N.d 


38 43 


24 63 


8.37 


9.57 




91.50 



72 12 12 75 59 55 43 23 



201.30 



do. 



Moakalyuk, 
1981 " 



100 

87 

31.2 

36 3 
15.4 
C 



II 
4 



100 

(0 
100 



2.4 

19 
14 



2.0 
Tr. 

a 



(HI 0 
14 3 

30 e 
is 



i 

.6 

N.d. 

1 0 
N.d. 



17 


« 


29 


22 


140 9 


28 6 


88.9 


81 6 


117.1 


1.4 


83 9 


8-6 


55 3 


I.S 


N.d. 


3.6 


277 


5 


41 


N.d- 


5 


II 


88 


12 



1.1 



73.2 

18.3 
9 1 

17 
N.d. 



Do." 

CrratoU from vgn in 

Ivnnsylvanian limeetonee 
(prwjmftbjy later than 
knlfj ; Portalee lead mine . 
Hanaonbijra; district, near 
Hlnalmin. N. Mm.™ 

leepooil niniilar to that ia 
annlyjia 34 : Alamo Auonta 
mine 3.5 mile*, nurtheaet M 
Derry. N. M«i.« 

Rim of crystal ; Upper 
MuMimt|){ii lead-line 
diatnot. Platterille. Wit. 
Sample ER StH82a.» 

I 'nr» of name rryatal M 
analyne 36: Upper 
Minttaeippt leadline 
diatrint, PlaUet-ille, Wia. 
Sample ER 59-62d.» 

Oacillator plate reject; Braall. 
lorality drtaih unknown 
Sample ER 61-3/4 .» 

Ore-bcarine miaru ; Kaatara 
Kouarad. U.S.S.R Sample 
520. 

Quarta-wolfraralle vela; 
Northern Kciiinrod, 
U.S.S.R. Sample 1. 
Rock eryetal from akara 
oepoal Sov.el Far Kaet. 



depaalt; Soviet Far I 

Whit* <|iiarU. Willi iBoiteeil* 



and anenopvrite: eiilnde- 
aait, Vaeodyni 
I s rl R Sample 



tin iiepo.it 

<1 

IL_. 

White oomb Quart! ; aulnda- 
tio depoeit, Preryvielyi 
district. U.S.S.R. Sample 
873. 

C.reiwn depoail. l.'rala. 

U.S.S.R Sample C.-t 
Vela 2. dr.lt 8 ofTwIymetallee 
depoeit (etace 1). norlhwr.1- 
ern Caucaaua. U.S.S.R. 
Po]> Ibetall.r depoeit of 

eaalywi. 46 (ataae 21." 
From aulfide-carbonate Tela: 
rroaacut 264, polymetaltle 
depoe.it of analyna 46 
<ata«e 2). 
Suae 3 of polymetallle depoeit 
of analyan 46; era—cut 501. 



. analyaw 46. 
Eutiedral crystala in 
apeculaxlte tactile 
Mountain*. Tea. -' 
•A'.'" 
Kuhedrat eryetale in 
thermal vein; Maalield 
mine. Utah. Sample 9< ' 
Empire vela. Grant Valley. 

Calif, Sample 45 » 
Wentworth vein. Empire 
oi.ae. Oraaa Valley. Calif 
Sample 4*. a 
Columnar reeryatalliaed 



1M1.M 



vein; veto I. upper ton*. 
Aldan eriield. U.S.S.R, 
Sample 146. 
Roek eryetal; veaa 2. inter- 
mediate lone, Aldan nhield. 
U.S.S.R. Sample 39. 
Roek rryatal; atueknork 59. 
lower rone. Aldan tlueUJ. 
U.S.S.R. Sample 53. 
Honeycomb ijuaita from 
pegfnatite: Kereenet-taa. 
F.S.S.R. Sample 14. 
< ry«u.l-W,n« l-H"-*;;" 
vetna: Pamir. U.S.S.R. 
Sample 54fa. 
■ >ark vintet flunrite from 
pecmatite; Keremet-taa. 
U.S.S.R. Sample 87n. 
IVetnatile body No. 72. 
Aktailyau. U.S.S.R. 
Sample 17i. 
Smoky rryelal Iroeii alh.tued 
t*«iTiBtitr; nortliwtwt 
TarlHUtatal Ranee. U S S R 
15f. 
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A N I <T D ' Refe 


Mi Material 






Millie 












Kb" 


K" 


Ca" 


m«*« ci> so.-» 




HCO.' 





quart.. 
- -°* v "*° 



Oram 

-J 



H 


3 


IM 


It 


80 


N.d. 




M 


51 


10 


M 


.« 


tf 






55 


N.d. 


N.d. 


140 5 


t.l 


4MB 


ISO 6 


HA. 


N-d. 


N.d. 


N.d. 


217 s 


N.d. 


451.1 


HA 


HA. 


N.d. 


1.1 


NjL 




t.l 


645.4 


N.d. 


HA. 


N.d. 


7.48 


S.J1 


8.44 


1.70 


17.40 


N.d. 


35 


10 61 


«.7S 


1.S7 


147 .» 


4.00 


.70 


HA. 


83 


N.d. 



» 1>»U recalculated to 1, 000-gram sample* for uniformity. Data on BrOi in 
analyaea 1-4 ware: 137 20. 62.60, 135.40, and 01.40 mg/kg, napactlvato. ( n 
ranged from 6.2 to 7.8. The eonotntration of salts, determined by i 
methral* (In poor agreement), ranged from 2 to 40 weight percent. 



wf-lhr of 1 
.7.3. ami, 
on made I 



U.8.B.R. 
Pul-tmner vein -inert. 
Tr k e- 7. li - igu rgu n. 
Kaaalhrtan. U.8.8.R. 
H lonte-bcanac t in 

iiegmalite; Bet-Pak Hal. 
U S S R Sample IV. 

.of an*lv»]* 60 
i V. 

i- of analyst. 60 

Water I 

|>*«;nielite H.iU.i.l. 
intrusive. Kazakhstan. 

U.8.8.R. 
Ac*! leach, rhaiula-ml 



00 cram, ti assumed- The pH for both aolutiom tarsal yse* 
■ d IS mc SC. 

determinationa of tha < 



' Spectrugrepiiie analyse, ahoars KaNl. Concentration* tw calculated from 
estimated amount* of HiO. but they apparently contain internal mMomirncio. 

'Original data were for a IfXVgrnrn sample. Tba pH of tba attract waa 6.6. 
Optical study ahow. the preaence of liquid COt and of halite daiichter crvstsav 
Many aamplaa amittad tba odor of H*» I 



nplee amittad tba odor 



whan broken. SiOi waa 60 rng kg. R«Oi 
/ apectrograithy were: A I. 0 01 (Jl re. 

MA. 0.001-0.01: Ti. 0.001; Cu. 0 .001-0 01 -Sr. 0.01-0.1; Ba, 0.1-1.0. 



nund. Additional etementa by 
0.01 -0.1 : Mn , 0 001-0.01 : Ti. 0 001 : Co. « 
« Ca waa <0.l mg/kg in anajyaaa 11 and 11. 

■ Rb. ~0TT mg/k«. 

• Rb. 0.4S mc kg. 

lSIBi. All chloride analyse* are ■ 

■ PC 0 mg/ag- 

• BO.. 30 nig/kg. 
» BO.. 30 mc kc 

■ BO.. 20 mc 'kg. 
» POt, 20 rnx/kg, 

" F, fl-B nut kg caaaooa CO.. 260 mc kc. 
>• F, 11.3 mg 'Eg. geaeoue COi. 460 in* £c. 

i* Analyse* 28 and 29 include hum sal ta from connected iotergraauiar porea in 
the roeka. a» well aa aaaled taeJuaion*. 

" Rb, 1.23 mg kg: Ce, 0.2 mg.'kg. Contamination may tie leaponalbl* for part 



•• Aaample 
41 ami 42) wa 

"Tin author, made direct determination* of the water content*, but they 
atete only (p. 224. footnote) that thee* varied from 0.3 to 1 peroral and averaged 
0.61 percent They eaeiime 081 percent ia correct To permit com pa neon of tha 
original leachate valuea with other data in table A, the aamplaa are aeatlmed to 
have been 50 frame, and the leach volume* are aawumed to have bees 100 ml. 
B-tr in both analyaee. F waa not determined in earn pie 105 fanalyaia 43) and 
waa 1.2 mc kc in aample 573 laaalyaia 441. Both primary and eecoadery ineluaioiia 
were found in aettiplea. 

M Recalculated from data given aa milliequivalenta, aaauminc an 80-grem aample 
wa* uaed. Ineludee 162.5 mc F and considerable ausoa. 

" Originally given aa mg 1 of water extract, from an unetieci&ed aiae of aample, 
t a solid-liquid ratio of 1 :3. Several aample* ahow a large exoaaa of aniona over 
canon*. Na I* the aum of Na + K. Lead, solution pH determination*, la 
4fl-te. reapec lively, are 8 », 8.2. 6». aad 7 " 

*» Spectrographs anal y* I* of tha 
Ph. 0.0.1: Zn. 0.03; Cu. 0.01; Fe. 
and Ma, 0 03. Alt of theae metal 
only in vary amall trace* in pure 



. _ much lower metal 
» Rb. 0.21 mc kc 
- Rli. 0.45 mg kg; ('*. <0.05 mg.'kc 
» Rb. 0.55 mc kg; Ca. 3.2 mg. ag. 
» Valuea, in analyaea 50-52. 



I. 8 S. and 7.2. 

r* quuU powdnr •Itarwitar Iwiiiiitiii SU|m 1 had 



X ranectirely, u*: Sr* v , 3.0 mc k 0.3 nu/kc. U. 
ftkOi. R.O nm. kit. u.d., U ;_F ». 2.2 n^ H. 2.2 it^.\fu n.tl- 



01 »&SSSumS!^^»m foe 8r*« w.r. 0.74 ud 0.U n*/kt 
F-* (-Frn »»• w>t .letwted in fiXhet *n*iyw. COr* ..... 4.W 



wwDl oTKUue carbon. 
11 Ettnutgwo wm rtvcvla* ob 200 m. Th<* vulu-* civpn U+t* %tr toutuUd from tk« 

ab*n U odor waa d-t«*rti»d ou 



7.1. 0-3. Soma inHuiona cod tain 0.01 Mrm( ofRBJue carbon 
rvttjna waa m*.W ob 200 ^. Tlia> vaJuaa cl 
which orm up to apven stcn'Roint numb 

. Th* pH o( Uia liquid ineiuaiona thamaaJvca waa 7-7.4. Na ia tba aum of 
• +K. Fe toUl waa 0.2S. From aa Mtimst* «f 0- iaduaum »<»)um# U»» autfw.n, 
eaJeuUt* * value of About ft percent aotida in aolutioo in the incluaion fluid, but 
tba data dvm mwm to indicate only about 4 pareaat. 

w Data are millnraroa fouul in unai-prifStvl aantiiV wt>igbt. iwrn«<it«»«: 
at eakutat oo I«<v«*hinc Tba value for Mg*' < <0 0005 mg in each) i 
ate ted aa " >0.006 mg" In the Englatb Ira relation. 

e originally atatci ae "lona in parte per million per kilogram of 
. 1V5S, table 2, p. 478). preaumatity milligram* per kilogram of 
it. Siextrrairapli.c determination* for Ca, Al, Mf, and Cu. pi 
ably in part* per million of the dried residue from the elertrodialyaia (aee — 

Li. 0.1 mg kg. Rb. tr.; Ca, tr 
n 1.1. 0.1 mg/kg; Rb, tr 



Ba*a, tr., n.d.. tr.; BaOi. 6.0 mcA«. ».d„ tr.; F" 1 , 2.2 aag/i 
pll, 7.2, 6.2, 6.4. Li. Rb. and Ca were detected Fluorite and gypaum occur in ■ 
vein*- Data originally obtained on lW>gram aample*. 

7.2.' Anaiya*,'% k u 

(1064). Wltho- " 



Value*, in analyaea 53-5(1, respectively are SiOi, 3 mg. kg. . 

, pit. 8 5. 6.5. 8 1, 



: BiOa. 14 mg/kg: F"', 1 gfAtj 
and 50, SeOt waa 21 and 30 mg. kg. reapeetivety; pH, 6.0 and 



Ca, tr.; HrO (weight low at 700*0, 0.18 pa 



"""ll. tr.; Rb, tr.; Ca, tr.; HrO I weight lorn at 700*0, 0.17 percent of aample 
■• Q 0.1 mg/kg; Rb. tr.; Ca, tr.TTirO t-ntght Um at 700*0. C " 
pie. 

B 0 003 injr i.g 

Pitr^cr^i^^^r^^M-tov.. 
0 gram.. Anal,-— 39 an/40 akm .how SiO,. tf.03 and 0 01 mg. 



pH. A.I 
■■ | B 
8.8. 

at Reealcutated from analyaea made on .'.0- to 100-g sample*. Alkatic* by flame 

photometer; other nation, by multichannel photoelectric uuantometer. COi"' waa 

not detected. In analyse* 00-yt^, in miucranj. per kilogram, respectively: Si, 

..... ,17. Mn, 16.1. 2.S. 21.5; Al. 16.1. 0.5, 21.4; fe, 84.3. 17.4, 60.8: NL 1.6. 

1.8. 1.1: Ti, 2.4. n.d.. 5.4: F, 2 1, 2.7 The 1 

ami then waahed in doubly da.ulUd 1 
(on iteambatM. The riaal grinding waa to ■ 
ia colored by hematite ftaaea. the g 
by chlorite flakae. 

" Incliauons in three aamplee ahnw a large volume «f ilaugliler mlnerala. More 
than 13 different solid phaaea in each include halite, sylvite, hematite, chlorite, 
afhite, tiuart*. rutile, alreon, muaeovite. suurolit*. sphene, magnetite, and several 
unidentified opaque phase* The two analyse* (63 and 64) are of leaehe* mad* 
with water at room temperature, and with 0.1 percent UNO. at 90* to 96*C, 
ntly in sequence on the mum 115-gram aample. (lata recalculated to 1 
m In analyse* 63 and 64. rasiawlively Fe*'. n.d-, 0 35. MsOi 1.04. 1.3». 
1.74. not determined; r"«2.»6. 130.2; pll 5.5, *»»♦», AJ*». SO.-*. 



1.1. u..j, <i.a; re, «*.«, ...a, ow.n; ni. 1.0, 

The samples were boiled in aqua regie 

alar be/ore grindtne. .levmc, and leaching 
to a particle aiae of "0.1*1". Tn» roa* quaru 
1 green quart, (depoaited on the rose I ia eolored 
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i of 500*C Of higher 



(Th.. 



Minor*) fciwi !orjiLity 



Mftiimum t#m[KT&tuifr or rant* 

(*C1 



f*K AR> ORE DEPOSITS 



Hwlenbergite; Maikhura deposit. U.S.S.R 

Calcit* from skarn; Lebedinoye uranium-cold do posit, 

U.S.S.R. 

Various minerals from tin-tungsten greiseus in the Far 

East, U.S.S.R. 

Monticellite; Lespromkhozny deposit, U.S.S.R 

Quartz, from dstoliU^bearfng rock associated 

lead-zinc deposit in the Far East, U.S.S.R. 
Fluorite and quartz; Tyrny-Aui skarn ore complex, 

U.S.S.R. 

Tourmaline and axinite from contact zones of 
i in U.S.S.R. 



with 



f>50-600 
590 

650 

890 
>S40 

510-575 



Rakhmanov. 1963, p. 69; 1965, p. 274. 
Tuearinov and Naumov, 1969. 

Govorov and others, 1968. 



Sinyakov, 1967. 1968. 
Rrmakov, 1950a. p. 227 in tri 

Lesnyak, 1957a, 1961, 1966. 

Rodzyanko, 1967. 



Quarts veins with molybdenite (multiphase inclusions); 650-725 

Bingham porphyry copper deposit, Utah. 

Caxsiterite; Cornwall, England 600 

Caasiterite and quartz; Bolivia _ .'i30 

GreUen minerals from a molybdenum-tungsten deposit, 600-700 

U.S.S.R. 

Quartz from cassiterite-sulftde ore deposit. Mount Bisehoff, 680 
Tasmania. 

Anhydrite from chalcopyrite ores of Noril'sk deposit, > 500 

u.s.&r. 

Quartz and albite of granite and quarts-feldspar bodies of 520, 780, and 1 
Sorskii Cu-Mo-deposits. U.S.S.R, 

Garnet ; Kurusaisk ore field, U.S.S.R 500-730 

Quartz; Knunoyarovo-Zolinsk orefcld, UB.S.R 530 



. 1971. 
Little, 1955. 

Kelly and Turneaure, 1969. 
Shcherba and others, 1964. 

Groves and Solomon, 1969. 

Zolotukhln, 1962. 

Berziaa and Sotnikov, 1965, 

Sazonov, 1962. 

Grigorchuk and others, 1964. 



IGVEOfS ROCKS 



Nepheline 
Botogol nepheline syenite,~U.S.S.R.' 

Do 

Nepheline; Bambuisk alkalic intrusion. 

Do 

Nepheline, ae K irite; Lovowro alkalic massif, U.S.S.R.. 
Multiphase inclusions in granitoid rocks. North C 
USSR 

Nepheline syenite of the Borgoi massif, 

U.S.S.R. 

Pw-udolr-iieite: Synnyr alkalic massif, U.S.S.R 

Chkalovite iNa.BeSiO,), and nepheline, from alkalic 

complex, IUmaua&aq, Greenland. 
Quartz from granite; central Kazakhstan, U.S.S.R ... . 
Quartz from jrranite and pegmatites (heated under external 

pressure i; U.S.S.R. 

I^ucocratic granites of eastern Tranabaikal. UBBJl 

Various magmatic deposits 

Apatite (Inclusions contain large amounts of crystals.); 

Khibina and Lovozero alkalic massifs, U.S.S.R. 

Apatite; various sources, U.S.S.R 

Nepheline, feldspar, sodalite, cancrinite, tremolite, and 

scapolite; Synnyr alkalic massif, northern Transbaikal, 

U.S.S.R. 

Quartz in ejected granitic blocks; , 



840 

860 
>850 
680-850 
700-850 
570 

600-760 

75©->910 
1,040 

900 
850-900 



630 

630-950 



590 61'J 



Kerkis and Kostyuk. 1963; Kerkis, 1966. 

Bazarova, 1965. 
Litvinovakii, 1967. 
Kostyuk, and Bazarova. 1965. 
Bazarova and Frigin, 1966. 
I^nyak, 1955. 



i and Lysakov, 
Sobolov and others, 1970; i 

commun., 196*. 
Bazarov, 1968b. 
Zakharchenko, 1968. 

Vsrtanova and Sheherbakova, 1964. 

Lesnyak, 1964 p, 207 -'-08. 

Valyashko and Kogarko, 1966; Valysshko. 

others. 1968. 
Bazarov, 1966s, 
Panina, 1966a. 



Roedder and Coombs. 1967; Roedder, 1970b. 



QUARTZ VFINS AND PEGMATITES 



Quartz crystals; metamorphic veins or Kurumkan deposit, 500 Laz'ko. 1957b. 
U.S.S.R. 

Quartz crystals; metamorphic veins of Barsukchi dpposit, 515 Piznyur, 1957. 
U.S.S.R. 

Quartz, pegmatitic (multiphase inclusions) > 500 Dolgov, 1957a. 

Quartz, pegmatitic.-. . 580-620 Dolgov, 1964a. 
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Table 7 .-Rtcordtd JIM indtuion homotenixation teynptralura of SOO'C or Ws*CT-Continued 



MimnU Md loclity 


Maximum l*«nli*r»titr* or rmnc* 

m 




QUARTZ VEINS AND PCCMATITeS— CoaUnacd 



Quartz, zoned pegmatites of western Tien-Shan, U.S.S.R. 

Quartz from graphic pegmatites 

Quartz and spodumene from pegmatites (homogenization 
in gas phase). 

Primary minerals of pegmatites from Akzhailyau massif, 

U.S.S.R. 

Do 

Giant quartz crystals, Akzhailyau pegmatites, U.S.S.R 

Quartz-fluorite pegmatite*, Kazakhstan 

Quart7.-flu.ontr veins, gretsens, and pegmatites: Kent 

massif, Kazakhstan. 

Quartz, pegmatitic; Volynia, U.S.S.R 

Various chambered fluorite-bearing pegmatite and granite 

minerals (14 samples); Bet-Pak-Dal, etc., U.S.S.R. 
Quartz from fluorite-bearing pegmatite; Bet-Pak-Dal, 

U.S.S.R. 

Quartz crystals, metamorphic veins 

Quartz; pegmatites of central Kazakhstan, U.S.S.R 

Do 

Quartz: pegmatites of Kazakhstan and Zabaykal'ye, 

U.S.S.R. 

Quartz: pegmatites of Tarbagatai Range U.S.S.R. 

Quartz, pegmatitic; Volynia, U.S.S.R 

Do 

Multiphase inclusions in pegmatitic quartz; Volynia. 

U.S.S.R. 

Do 

Crystal-gas inclusions in honeycomb quartz from peg- 
matites; Volynia, U.S.S.R. 
Honeycomb quartz from pegmatites; Volodarsk-Volynak, 

U.S.S.R. 

Quartz, pegmatitic; Maidantal, U.S.S.R 

Honeycomb quartz; Maidantal pegmatites, U.S.S.R 

Quartz; Pamir, U.S.S.R 

z, topaz-bearing pegmatite; Korostenj, U.S.S.R 

of granite pegmatites; U.S.S.R 

Topaz; Bayan-Aul pegmatites, U.S.S.R . 

Topaz. H'men Mountains, U.S.S.R 

Topaz, peirmatitic; U.S.S.R. 

Do 

Kyanite from pegmatite 

Beryl; pegmatites of Connecticut 

Beryl: pegmatites of Black Hills, S. Dak 

Beryl, pegmatitic (COrbearing inclusions) 

Quartz from pegmatites of central Kazakhstan .......... 

Quartz from pegmatites of the "Zanoryah" type, U.S.S.R. . 



510 520 530 
500 
550-650 

500 


Polvkovskii, 1962a, 1963, 1965. 
Bakumenko, 1963. 
Sheahulin, 1961. 

Trufanov, 1962. 


600 
600 
780 
>600 


Trufanov, 1967. 

Zakharchenko and Trufanov, 1964. 
Shugurova, 1967b. 
Zakharchenko and others, 1966. 


510, 600 
500-860 


Moskalyuk. 1961. 
Sobolev and others, 1964. 


570-780 


Bazarov, 1965a. 


520-550 
510-620 
880 
>600 


Venediktov, 1958a. 
Balitakii and others, 1966. 
Bazarov, 1968a. 
Bakumenko, 1968. 


500 
540-600 

500-600 
>5O0 


Sokolov and Zakharchenko, 1961. 

Ermakov, Kalyuzhnyi, and Myaz, 1957, p. 499 in 

translation. 
Kalyuzhnyi and others, 1966. 
Lyakhov, 1966. 


500-570 
650 


Motorina, 1967. 
Ermakov, 1965b. 


>573 


Lazarenko, 1967. 


620 

540 
>550 

500 
650-700 

500 

580 
>500 
>700 
> 575-600 

600 

515 
>750 

600 

550 


Elinson and Polykovskii, 1961a, 1961b. 
Polvkovskii and Roizenman, 1965, p. 70. 
Zakharchenko, 1955. 
Ivantishin, 1955. 
Khitarov, N. I.. 1965. 
Bakumenko, 1966. 

Ermakov. 1950a, p. 291 In translation. 
Lemmlein and Kliya, 1952a. 
Lemmlein and others, 1962. 
Sobolev and Bazarova, 1963. 
Cameron and others, 1953. p. 252. 
Weia, 1953. 
Feklichev, 1962. 
Trufanov, 1966. 

Kalyuzhnyi and Voznyak, 1967. 



Digitized by Google 



COMPOSITION OF FLUID INCLUSIONS JJ16S 



Tabijc S.- Quolitatitt. trmiquantitatitt. and partial auantitalitt chemical analyse 
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and others, 196* 



Aleksandrovich and others, 
1965. 

,1951 



Arming and Preiainger, 1968. . . 

Bakumenko, 1968 

Bazarova and Shugurova, 1968. 



and 



1890 

1967. 



1967 . . . 



Na, Ca, Mg, K, and CI on 
quartz from rock crystal 
veins, U.S.S.R. 
H,0 and gases by heating 

halite from potash deposit. 
Na, K, CI, and SiO> in 

Uralian hydrothermal quartz. 
HiO and CO, by mass 

spectrometry; 16 samples, 
HvS. COt. and other gasw in 19 
sample* of pefmatitic quartz. 
CO, and other gases in 

various igneous rocks. 
Free F distilled from fluorite. 
Bitumens in schleelite-bearing 
skarns, Uzbek Soviet 
Socialist Republic. 
CH, CO, and CO, H.O ratios 
in quartz by mass 
spectrometry. 

and others. 1968. ... H.O and CO, from decrepitation 
of halite. 

Bratus", 1969 pH of inclusions in apophyllite. 

Buerger, 1982a NaCl in galena. 

Chemla and others, 1968 CO,. H.O. CH„ H„ SO, in 

rock minerals by mam 
spectrometry. 

Cifrulak and Cohen, 1969 NH.C1, liquid CO,, liquid H,0. 

and vapor in KC1 by 
infrared analysis, 

Davy, 1822 (Na. K), 80.-*. CI. COr». N* 

H,0, and naphtha in quartz. 

Dekate, 1961 Na, Ca, Mg. Fe", CI, HCO,'. 

SO,-», and pH, in barite 
from Pulivendla. 

Dekate. 1963 Na, K, Ca, Mg, CI, F, CO,". 

SO.". Al, Fe". andjpH, in 
quartz and fluorite, Rewat 
Hill tungsten deposit. 

Dekate. 1967. . . . . K Na and HCO,, CI ratios 

in inclusions from tungsten 
deposits in India discussed 
but no data presented. 
Dolomanova and others, 1966, Fe, Cu, Ti, Ca, Zn and Cr (by 
1968. electron microprobe) in solid 

daughter minerals in smoky 
quartz. 

, 1956 _ CO,; H.S by odor only (could 

not be verified chemically) 
in barite concretion. 
, P. J., in U.S. Geo- CI and S in eight samples 
y, 1965. p. A 184. from Zacalcca*. Mexico. 

1968a CO,. H,S. H,, He, in various 

sample*. 

, 1909, p. 213. . . . Mn in H,SO, extract of 

inclusion-rich rose quartz. 

r. 1871 NH„ CO, from metamorphic 

smoky quartz and CO, from 
fluoriten heated in oxygen. 
Total S in H,S-bearing quartz 
and limestone. 

Funkhouser and Naughton, Ar, He in ultramafic inclusions, 
1968. Hawaii. 

Oirault, 1967 CO,, CO. H,, N,. H,0. HC1, and 

hydrocarbons, by mass 
spectrometry on apatite from 
Oka, Canada. 

Gol'dberg and Belyayeva, 1965 Large variety of complex 

organic compounds, including 
haloidorganic and sulfur- 
organic aliphatic?, in Iceland 



Gol'dberg and Chernikov, 1968. Eighteen analyses of bitumens 

from alkalic and ultramafic 
rocks. 

I, 1964 Ozone and fluorine (by odor) in 

pegmatitic fluorite. 
1952 .... Major CI, Na, and Ca and lesser 
F, S, Si, Mg, Fe, and Al, in 
fluorite from Illinois. 

Groves and Solomon, 1969 Eight analyses for ratios Na, K 

and Na Li, Mount Bischoff, 
Tasmania. 

Harrington, IMS H,S in Grenville limestone. 

Hart. 1968 He and Ar from inclusions (?) 

in ultramafic rocks. 
Heinrich and Anderson, 1965 . C . and C, hydrocarbons, F,. 

HF, F,0, and possibly HC1, 
from fetid, fluorite-bearing 
carbonatite. 

I, 1966. Na. Mn, Cu, and Zn in quartz 

near Providencia, Mexico, by 
neutron activation (reporting 
work by H. F. Puchner). 
1963 D/H ratios on halite analyzed 

by Holser (1963). 

Huntley, 1955 Alpha-emitters in inclusions in 

clear quartz. 

Il'in. 1964 CI, K. and Na in Iceland spar. 

Judd, 1889 CI i n .impolite. 

Julien, 1881 NaCl in anorthosite, Labrador. 

Kalyuzhnyi and Voznyak, 1967. BO, Fe-', Fe". Mg", Mn", 

and pH, in quartz from 
"Zanorysh" type pegmatites., 
USSR 

KaryaWn, 1958 Na, K, Ca! Mg, Al. Fe, Mn, and 

Si in metamorphic quartz 

Kazanskiy and others, 1968 N,, CO,, O, in sedimentary 

quartz. 

Khelvaa, 1959 Ca, Mg. Fe, Al, and Cu in 

liquid and solid inclusions. 
Khetchikov. Balitakti, and Na, Li. CI, Br*, SiO,, and pH in 

Gasparyants, 1966. synthetic quartz crystals. 

Kokubu and others, 1961 D/H ratios on H,0 from various 

Konigsberger, 1900 CoTa^d*H^n rose < 

Kraatz-Koschlau and Wohler, C, H, CO,, and H,0 in 

1899, 1900. fluorite from England. 

Kropotkin and others, 1966. . Bitumens, Ar, He, H, CO,, N,, 

and hydrocarbons up to 
butane from Preeambrian 
basement rocks. 

Langway, 1958 Composition (hy mass spectro- 

graph!, and pressure of air 
bubbles in Greenland ice. 

LaughJin, 1966, 1967, and Potassium and excess argon, 

I^ughlin and Yoder, 1968. probably from inclusions, in 

pegmatite minerals. 

LaVallre Poussin and Renard, Na and CI in quartz from a 
1876. diorite. 

Lyakhov, 1966 ..... Fe, Mg, pH, and possibly BO, in 

quartz from Volynia. 

Maslova, 1958. Na, K. CI, Ca, F. and pH (but 

no Mg, Al. Fe". SO.", 
CO,", PO. «) in fluorite, 
Kermet-Tax. 

1963 H,0 from inclusions in beryl by 

heating to 500°-700*C. 

r, H.. 1965 H,. Nt, 0>, and CO, from 

melting of feldspars. 
Mogarovsky and Markov, 1966. Bitumen in Tadjikistan hydro- 
thermal fluorite deposits. 
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Motorina, 1967 CO,, Nj, and sum of (H.S, 

SO,. Nlli, HCI, CI,) in 
topaz, Volynia. 

Motorina and Bakumenko, HA CO,, NO, 0,, CO, and H, 

from inclusions in pegmatites. 

, 1942 CO,, O,. N,, and pH, in "geode" 

from pegmatitic tin deposit. 
Quartz ana fluorite: ratios 
Nj K, Ca Mg, and 
HCGv'Cl. 
Potassium and excess argon in 

olivine nodules. 
Na, Ca, and CI (but no Mg, K, 
S ■*, SO,-*, or CO,) in various 
sphalerites. 

Nichol, 1829.. CI, Mg, and Ca. but no SO,"«, 

in halite, Cheshire. 
. D/H ratios on HiO from 
inclusions in quartz and 
carbonates. 

Osipov, 1968 CI, F, Br, I, and BrO, on water 

leach from rock. 

Petersil'e and others, 1967. . . Gases and bitumens in tektites. 

Pfaff, 1871 CI and H,0 in various minerals 

and rocks. 

Pirovskiy and Gusev, 1963 Elemental and chromatographic 

analyses of four bitumens 
from volcanic vent rocks. 

y, 1966 Cu and Zn in Mississippi 

Valley-type deposits ( < 100 
to ~1,000 ppm in water 
leaches, oral commun., 1968). 
CO* HrO, in 10 samples of 
pegmatitic quartz. 

Poty, 1968b. CO,, H,0, and hydrocarbons in 

quartz from La Gardette and 
Mont Blanc. 
1966.... Na, Mn, Cu, and Zn in hydro- 
thermal quartz, Zaeatecas, 
Mexico, by neutron 
activation. 

i 1965 Potassium and excess argon in 

quartz and fluorite. 

Renard, 1876, 1877 Na and CI in quaru, Quena.it 

diorite. 

Roedder, 1958.. CO, and H-0 in quartz, Grass 

Valley, Calif. 

Roedder. 1963a, 1965d CO, and H,0 in olivine 

nodules. 
. N,, CO,, and CH, in 
Wielirzka halite, 
i 1965 Na and CI in Oligocene 

Rye and O'Neil, 1968 O'^sSdC" in fluid inclusions, 

Providencia, Mexico. 

Salm-Horatmar. 1853 K. Na, C1, Ca, and SO.« in 

Dauphin* and New York 
quartz. 

Sandberger, 1889. CI and SO,'* in light sphalerite. 

Sawkins, 1966a Na/K ratios. North Pennine 

orefleld, Enulsnd. 

1966b. Na K ratios, Cornwall o 

England. 



Chlorine monoxide in l 

from Wolsendorf. 

Schertel. 1878 Na. CI. Zn. and SOr« in 

sphalerite from Spain. 
Scholander and Nutt, 1960. . CO, in air inclusions in 

Greenland ice. 

Shugurova, 1967a CO, and N, in 16 samples of 

pegmatitic quartz. 

Sine, 1925 F, in antozonite, Ontario. 

Sorb, 1858 ^UftfiftOT 

(p. 480), quartz (p. 471-473), 
etc. 

Sorby and Butler. 1869 (Na. K) and CI in emerald. 

Stalder. 1967 CO,. HrO, CH., N„ and H.S 

in Alpine quartz by i 
spectrometry. 

Tammann and Seidel. 1932. . . . CO,. O* N h and 

in halite. 

Touray, 1968 CO,/H,0 ratios in 17 samples 

by mass spectrometry. 

Touray and others. 1966 CO, H/) ratios by mass 

spectrometry of ga.se* 
evolved on decrepitation. 

Touray and Sagon, 1967 HrO, CH,, and hydrocarbons 

by mui spectrometry. 

Touray and Yajima, 1966 CO,, by mass spectrometry of 

gases from heating Alpine 
quartz. 

Valyashko and others, 1968.... Fe, Si. Al, K. Mn. CI. S, Ca. 

TR, Ti. Cu, and Mg by 
X-ray spectrometry in solid 
and congealed inclusions 
from the Khibiny apatite 
deposits, U.S.S.R. 

Vertushkov, 1966 CO, and H,0. Uralian vein 

quartz. 

1957 Na, K, Ca, Si, Al, Ti, Fe. Mg. 

CI. SO,. CO,-», in nepheline 
syenite. 

irdtner, Br in primary inclusions in 
halite. 

Weber, 1908, p. 223 NH„ i 

Weinschenck, 1896 CO™ 

Wimmenauer, 1963 K and Na in apatite, 

Ksiserstuhl carbonatite. 

Wlotxka, 1961 NH, in pegmatitic quaru. 

Wyrouboff, 1866 .. CO, from heating fluorite* in 

oxygen (ai 

to color). 

Zakharchenko, A. I.. Halides, halogens, H,, N,, 

Lazarevich, N. S.. and CO,, H,S, and H,0 in 

Elinson, M. M., in Khitarov, granitic i 
1966. 

Zezin and Sokolova, 1967. . 



1870b. 



Twenty-three analyses of solid 
and liquid organic 
compounds. Khibiny i 

Naand Cl'inl 
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PLATE 1 



In each case the direction of growth was probably upward as shown. 

1. Solid inclusion of anhydrite (Aa) in halite (hi. The liquid (lis) is a saturated water solution with vapor bubble 

(») and presumably differs in origin from the high pressure gas inclusions also present in this salt. (See p. JJ43.) 
ER 64-157, Winnfield salt dome, Louisiana. 

2. Unidentified solid inclusions, probably anhydrite (An) in quartz (Q). Since the anhydrite crystal is surrounded 

by solution (liq), the shrinkage bubble (v) would represent the sum of the shrinkage of anhydrite and liquid, 
minus that of the quart* host. ER 62-24, quartz g«od«, Keokuk, Iowa, courtesy of Richard L. Sutton, Jr., 
M.D. 

3. Solid inclusion of quartz (Q) in fluorite (P). ER 68-170, Hansonburg, N. Mex. 

4. Opaque cube (probably pyrite) in "Ucite (C), with resultant inclusion of liquid (lis,). This is one of hundreds of 

such pyrite(?) crystals outlining a "ghost" or "phantom" within the calcite. The "stretched" liquid in this is 
a strong brine 'approximately 3-molar NaCl equivalent), under negative pressure Roedder, 1963c), that is 
the result of a failure to nucleate a vapor bubble on cooling from the temperature of formation; on super- 
cooling to — 30°C, this and other similar inclusions nucleated vapor bubbles that were eliminated by heating 
to 45±2*C. ER 62-105, Farrey mine, near Leadmine, Illinois (Upper Mississippi Valley district). 

5. Solid inclusions of chalcopyrite(?) along a growth plane in banded sphalerite, each of which has resulted in trapping 

a primary fluid inclusion. The three fluid inclusions in the plane of focus each show liquid and a gas huhhle. 

Providencia, Mexico (Sawkins, 1964, p. 905). 
6, Primary inclusions in yellow, color-coned sphalerite crystal from a vug. The large inclusions (containing mildly saline 
brine and a small vapor bubble) lie in a plane parallel to and only about 0.3 nun under the striated crystal sur- 
face, so that both the inclusions and the crystal face are in focus. Such inclusions must be primary. Presumably 
they form as a result of covering over of irregularities (stepwise growth) on the crystal face. Sample from P. 
M. Bethke, U.S. Geological Survey, his number PMB-107, from the OH vein at the Pb-Zn-Cu-Ag deposit at 
Creede, Colo. 

7, 8. Deep etching as a cause for the formation of primary inclusions. In figure 7, a green gemmy tourmaline crystal from M inns 



Gerais, Brazil (ER 63-142, courtesy of Richard L. Sutton, Jr., M.D.), is almost cut in half by a series of deep etch 
pits through the original striated prism faces. If later growth had occurred, it would probably have covered over 
these etch pits. Figure 8 is a photomicrograph of a polished plate of sphalerite from Creede, Colo. (PMB J-47, 
courtesy of P. M. Bethke, U.S. Geological Survey; see Barton and others, 1963, fig. 4C), which grew from left to 
right ss a series of color zones. Solution of the light-yellow zone A occurred at the stage now marked by the layer of 
small fluid inclusions (z), opaque in this lighting, and caused a deep etch pit at the center. Succeeding growth of 
dark cone B trapped a large primary fluid inclusion (y ) which was opened by the sawing of the sample. 
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PLATE 2 



1,2. Photomicrographs of a fluid inclusion <Uq'> in emerald (E) containing vapor bubble <»>, and several daughter minerals, 
before (fig. 1 1 and after (fig. 2) freezing, both taken at room temperature. This is one of many inclusions containing 
the same assemblage. Cube h is halite, cube ■ is probably sylrite, and x is an unidentified isotropic phase that re- 
crystallized after freezing. (Dark tines in lower right of fig. 1 are photographic artifacts.) Granular mass with high 
relief (y ), which nucleated on freezing, is believed to be parisite (<Ce, La)<Ca(COj)<Ft) on the basis of its optical 
properties and the frequent occurrence of parisite crystals in the same veins (Walton, 1950). Most of the other 
inclusions in this sample showed such parisitet?) crystals before (and after) freezing. KR fi3 139b, Muzo emerald 
mine, Colombia, courtesy of Banco de la Republics, Bogoti. 

3, 4. Photomicrographs of inclusions showing isotropic octahedral daughter crystals (h) believed to be halite, plus vapor 
(t) and liquid (lk|) in emerald (E). ER 63-139b, Muzo emerald mine, Colombia, courtesy of Banco de la Republics, 
Begot*. 

5. Photomicrograph of large three-phase inclusion in quartz. In addition to the dark vapor bubble (v), a large daughter 

crystal of halite (h) grew from the liquid (Uoj, in very close contact with the quartz walls, sealing off a small part of 
the liquid phase (at bottom). The index of refraction of the cube of halite (1.544) is very close to that of the sur- 
rounding quartz (Q) in this orientation, making the contacts almost invisible. (See arrows.) ER 63-84Q, Muzo 
emerald mine, Colombia, courtesy of Banco de la Republics, Bogota^. 

6. Photomicrograph of two-phiw liquid-gas inclusion (x), in cubic halite daughter crystal (h) in liquid inclusion (lis.) in 

emerald (E). The inclusion in the daughter mineral preserves a record of the conditions at the time of growth of the 
daughter mineral; the larger inclusion preserves a record of the conditions at the time of growth of the enclosing 
emerald crystal. ER 68- 139b, Muzo emerald mine, Colombia, courtesy of Banco de la Republics, Bogota. 




PLATE 3 



Figure 1. Photomicrograph showing daughter minerals in inclusions in quarts (Q) from a vein of quartz, caamterite, chalcopyrite, 
arsenopyrite, pyrite, and marcasite, associated with the Land's End Granite, Penlee quarry, near Penzance, Cornwall, 
England. The smaller rubes, probably sylvite (•). dissolve at 145*C; the larger halite cubes (a) dissolve at 400'C; the 
vapor bubbles (v) disappear at 440 < *C. The unidentified prismatic daughter crystals (V, possibly a sulfate) have strong 
birefringence and parallel extinction; they show no signs of solution even at 440°C (Sawkins, 1966b, his sample 64-C-21 ). 

2. Photomicrograph of plane of probably pseudosecondary inclusions in topaz (T), parallel to 1001), each containing a large 

vapor bubble (approximately 35 percent by volume) in the liquid, and three tiny daughter crystals. (For examples, see 
arrows; in other inclusions they are hidden.) These crystals are unidentified, but are recognizably different pha.w3 
(Roedder, 1963b, p. 173). USNM specimen 96595, Rukuba tin mine, Nigeria. 

3. Photomicrograph of plane of pseudosecondary!?) multiphase fluid inclusions in transparent magncsite crystal, Brumado, 

Bahia, Brazil (Rodenlos, 1954; see also Rosenberg and Mills, 1966). Each contains at least seven different daughter 
crystals and a small bubble. (See fig. 4.) Within the limits of available observational techniques, each inclusion other 
than the very smallest ones visible here appears to contain the same assemblage, indicating trapping of an originally 
homogeneous fluid containing over 50 percent solids by weight. ER 62-4. 

4. Photomicrograph of a single multiphase inclusion from same sample as figure 3, showing liquid (liq), vapor bubble (v), and 

14 daughter crystals, at least seven of which are different phases. Two of the daughter crystals are isotropic, but six of 
the small and at least one of the large crystals are anisotropic (see arrows <. 
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Figures 1-8. Photomicrographs of two stages of secondary inclusions in quartz from a quartz-molybdenite vein, Bingham porphyry 



copper pit, Bingham, Utah. Figure 1 shows a plate of quartz containing four curved, healed fractures, now outlined 
by trains of fluid inclusions (plus one more recent crack that has not been healed). The fracture labeled B contains 
only inclusions corresponding to low density, low salinity fluids high in COi, a typical one of which is shown enlarged 
in figure 2. It is a faceted negative crystal in quartz (Ql, now containing a small amount of low salinity liquid (Uql, 
■ large vapor bubble (») containing COi under pressure, and a small red to opaque grain, possibly specularite (S). 
On warming after freezing, the last Ice crystal melts at -4.9°C, leaving only crystals of COi-5H H«0 (melting 
at about 0*C) and the specularite. The other three fractures labeled C all contain an entirely different type of fluid 
inclusion, illustrated in figure 3. It was a very dense brine and formed inclusions which now contain saturated solution 
(Ho), a large daughter crystal of halite (h), a birefringent prism, possibly anhydrite (An), a small red to opaque 
grain, possibly specularite (S), and a low pressure vapor bubble <*). It is possible that inclusions of fracture B might 
represent the dense vapor of solutions of the type trapped in fracture C, boiling under slight pressure release. 
ER 68-209 (Hoedder, 1971). 

4. Photomicrograph of alkali feldspar from granitic block in lavas of Ascension Island, South Atlantic, showing very high 

of immiscible droplets of a highly saline fluid sticking tVthe feldspar crystal surfaced it grew from a silicate melt'. 
Each contain* vapor, liquid, and a large daughter crystal of halite (see pi. 11, figs. 1-4); the larger inclusions have 
nucleated crystals of several other phases as well. The Inclusions are so abundant (about 10»/cm») that single-crystal 
X-ray photographs of such feldspar show the three strongest powder diffraction lines of NaCl. ER 63-13Sb (Roedder 
and Coombs, 1967). 

5. Photomicrograph of a cleavage fragment of fluorite showing very large numbers of almost spherical primary inclusions 

of dark-brown oil, each with a vapor bubble. These occur in specific crystal growth tones in the fluorite and are 
believed to represent the preferential trapping of droplets of oil suspended in the hot brines from which these fluorite 
crystals grew. Sample from unknown locality in southern Illinois, courtesy of Anthony Denson, U.S. Geological 
Survey. 

6. Photomicrograph of fluid inclusions in olivine from ultrabasic nodule in basalt, showing basal tic (?) glass (gl), liquid 

COi (1«), and gaseous CO.(T). The two CO , phases homogenize in the liquid phase by the slight wanning caused by 
absorption of infrared (IR) light on removal of the IR filter on the microscope light. During the growth or later 
fracturing and healing of the host olivine, at an estimated depth of 8-16 km and 1,200°C, the COi was present as 
homogeneous supercritical gits bubbles in the basaltic, COr-saturated, melt. Most olivine nodule occurrences 
examined, from many localities, show such inclusions, implying worldwide saturation of the basaltic magmas from 
which nodule minerals are presumed to have crystallized (Roedder, 196Sdl. ER 63-33, 1801 Kaupulehu flow, 
Hualalai, Hawaii. 

7-9. Photomicrographs of inclusions showing evidence of immiscibility between silicate melt and hydrous, saline fluids (Roedder 
and Coombs, 1967). During the growth of the host quartz crystal (Q) from a saturated hydrous silicate melt 
of rhyolitic composition, some part* of this melt were trapped a* primary inclusions. There were immiscible globules 
of highly saline aqueous fluid in the melt, which were also trapped in these inclusions. On cooling, the melt formed 
a glass (gl), and the saline fluid formed at least three phases. In figures S and 9 it formed an isotropic cube, presumably 
Nad (h), a thin, almost invisible layer of saturated liquid water solution (1w), and vapor (»). In figure 7 (lower 
right) it formed a wet mass of crystals (x) lining the cavity, with one larger cube, presumably NaCl (k); several other 
droplets of the saline fluid were trapped without silicate melt, forming inclusions now containing a large crystal of 
halite (h>, vapor (»), saturated liquid water solution (Iw), and several unidentified crystals. ER 63-134, Ascension 
Island, South Atlantic Ocean. 




PLATE 5 



Picuu 1. Serial photomicrographs of a primary CO. inclusion, in the form of a negative crystal, in a quartz crystal from a vug in 
1^9^ Dt^vfl itt^rouxy Tuio^f o*c fitr^J Ku&lcolc ^^Jift s ^HaaIc&i Ia)c€D i-' nd p^fji c u ^ I d fj i f. jit o(J . Tnf. lusion 

evidence indicates that thU CO. was present as globules of a separate. Immiscible, dense CO, fluid in the mildly 
saline, water-rich fluids forming this quartz crystal and the coprecipitated cinnabar. Although at the temperatures 
of trapping (probably over 100'C) the CO, was prwent as a homogeneous fluid phase (I), its separation to form liquid 
CO, <Uq) and gaseous CO, (g) on cooling can be used to verify the density (and hence pressure) of filling. ER 61-6 
(Roedder. 1963b, p. 189). 

2. Photomicrograph, taken at room temperature, of multiphase inclusions in emerald <E), showing relatively small vapor 
bubbles (v| and large daughter crystals of halite (h) in saturated brine (Iw i. The bubbles contain CO, gas at high pres- 
sure. The inset shows another inclusion in this same group, photographed at 10*C. containing a crescent-shaped fillet 
of liquid CO, <le) that evaporates into the bubble on warming to room temperature. ER 63-139b. Chivor emerald 
mine, Colombia, courtesy of Banco de la Republics, Bogota. 

8-5. Serial photomicrographs of a flattened inclusion taken at different temperatures to show the identification of CO, by the 
formation of invisible crystals of CO.-5" 4 HrO on cooling. Figure 3, taken at room temperature, shows liquid water 
solution (Iwi, probably about 1 molar NaCl equivalent in salinity, vapor (vi, and a small film of liquid CO, (Ic). When 
cooled quickly, more liquid CO, condenses from the gas to yield the metastable assemblage shown in figure 4, taken 
at about — 5°C. When the inclusion is Ant frozen at — 78°C, then equilibrated at — 8°C (fig. 5), the liquid CO, 
slowly reacts with the water solution to form a mass of crystals of CO>- 5" 4 H.O (a). The "meniscus" between this 
and the vapor bubble t is a jagged, irregular border (arrow); on heating, the last invisible hydrate crystal melts 
at 7.60° ±0.20°C to form liquid CO, and water solution again, with a smoothly curved meniscus. During the melting 
process, the CO, hydrate crystals are usually invisible as they are isotropic, with an index of refraction almost identical 
with that of the solution. ER 64-187, quartz, from a quartz-anhydrites alcite vein. Homes take mine. South Dakota, 

6, 7. Photomicrographs of a negative crystal "single phase" or "gas" inclusion, in quartz «J). At room temperature and 
down to — 5.S0°C, it appears to be filled with colorless "gsa," ss seen in figure 6 (taken at — 5.50°C). On slight further 
cooling (fig. 7, taken at — 6.55*C), the "gas" is seen to have been a supercritical fluid, as it separates abruptly into 
liquid (hq) plus vapor It). It is believed to be a mixture of organic compounds, probably mainly methane and eihanr. 
ER 61-26, "Herldmer County diamond." Herkimer County, N.Y. (Roedder 1968b, p. 202). 
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PLATE 7 



Fifiinut 1. Inclusion containing some daughter minerals that do not dia*olve on reheating. The large cube is halite, the smaller 
rounded crystal is sylvite, and the two smallest crystals are unidentified. Prom its optical properties, the dark hexagon 
(actually bright red) is identified as a flake of hematite; when such inclusions are heated, the hematite and several 
of the tiny crystals do not dissolve even though the other major phases in this and similar inclusions become a 
fluid at temperatures above 400°C. Sample ER 63-211 A, quartz, Bingham porphyry copper mine, Utah. 

2-4. A multiphase inclusion in quartz similar to that in figure 1, from the same sample, showing recrystallization of daughter 
minerals. Figure 2 was photographed at room temperature after heating to 155°C (Roedder and Skinner, 1968); 
it shows halite (h), sylvite (ay), vapor (v), liquid (lie,), hematite? (a), and possibly anhydrite (a). The inclusion was 
then heated to 410*C for 96 hours, was cooled and held at room temperature for several days (fig. 3), and then waa 
examined after a period of 8 months {fig. 4). Note that the halite recrystallized to a euhedral crystal, and the nuclea- 
tion and growth of sylvite at the bottom moved the other crystals about. 

5-8. Examples uf the homogen ization of daughter minerals in silicate melt inclusions, in olivine from Apollo 11 lunar rocks, 
in a manner analogous to that used in aqueous inclusions. Figures 6 and 7 show the inclusions as returned from the 
moon, containing epitaxially oriented daughter crystals of plagioclaae (pi) and ilmenite (i> (both parallel to 1100) 
of the enclosing olivine) and feathery (quench?) crystals of pyroxene (ay). Figures 6 and 8 show these same inclu- 
sions, after heating (in vacuo) to 1,1 10°C for 2 days and 1,200°C for 4 hours, respectively, and subsequent quenching. 
Note that at 1,110'C all of th« plagioclase, most of the pyroxene, and part of the ilmenite is gone, and at 1,209°C 
only a trace of ilmenite is left, and the bubble is gone. This ilmenite melted at 1,210'C. Note that there has been 
solution of the walls of the inclusion as well. Both from lunar rock 10020-41. 
9, 10. Photomicrographs of one inclusion of a Urge group of probably pseudoaecondary inclusions in pegmatitic quartz, all 
showing a uniform ratio (at 24'C) of liquid water solution (lw) (about 0.7 molar NaCl equivalent, estimated from 
the freezing temperature of -2.60«C), liquid CO, (k), and gaseous CO. (t). Homogenization of the two CO. phases 
occurs in the liquid phase at 27.66 e C; at much higher temperatures, probably above 850'C. only one homogeneous 
"gas" Phase Is present, containing all the CO.. H.O, and nit*. ER 61-28. Volte Bala, Tedfllo Otont, Mints Gerais. 
Brazil, courtesy of W. D. Johnston, Jr., U.S. Geological Survey, his number 62. 

11. Photomicrograph of inclusion containing liquid H.S. from a coarsegrained fetid marble. Although the density of filling 

varies between individual groups, a number of inclusions in this calcite (c) show the same three fluid phases, identified 
as strong and in part saturated aqueous brine (lw), liquid H.S (la), and gaseous H.S (v). This particular Inclusion 
shows homogenization of the H.S liquid and gas, in the gas phase (that is, by evaporation), at 64*C. ER 63-232, 
VS. mine, Lark, Utah, adjacent to Bingham porphyry copper pit (Roedder, 1971). 

12. Serial photomicrographs of a multiphase inclusion in topaz from Volynia, U.S.S.R., taken at the temperatures indicated. 

At 40*C there is a vapor bubble (», 19.6 percent by volume), and daughter crystals of halite (h, 14.9 percent), sylvite 
(a, 5 percent), an unknown colorless phase (x, 3 percent), several small hexagonal crystals of another unknown 
phase (y), a prismatic bluish crystal (p, about 1 percent), and an opaque mineral (o, about 1 percent). On heating, 
the sylvite dissolved very rapidly, and at 1S0° and 180°C all of the sylvite and the bulk of the other phases have 
dissolved; at 275*C all phases except halite (8.4 percent) and vapor (2.5 percent) are gone. The vapor bubble dis- 
appears at 30O"C and the last of the halite dissolves at 310 C. The volume percentages were obtained from an 
adjoining long tubular inclusion containing the same assemblage. From Ermakov (19&0a, pis. 21-24). 
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Ficurb 1. Photomicrograph of large primary inclusion in yellow fluorite <F) showing dark vapor bubble (v), strong brine solution 
<lw), and two globules of oil (I*) with an index of refraction almost identical with that of the enclosing fluorite. The 
oil wet* the fluorite host in three tone* (arrows l thus isolating two small segment* of brine. The oQ droplet at tht 
left was not present before freezing In the laboratory; presumably it was dislodged from the main mass by rapid 
volume changes during the almost instantaneous freezing of the strongly supercooled brine. ER 64 13al, Koh-i- 
Maran Range, KaJat Division, Pakistan. Sample provided by Omar B. Raup, U.S. Geological Survey. 

2. Photomicrographs of primary oil inclusions in fluorite (F). These originally homogeneous droplets of oil were suspended 

in the saline brines from which the fluorite grew and adhered to the surface of the crystal. After trapping, the oQ 
underwent degradation to form a small amount of a dark phase that accumulated on crysUllographically controlled 
parts of the fluorite walla. Shrinkage of the oil after trapping formed the central vapor bubbles it), now containing 
methane*?) under high pressure. The inset is a cross section of a fluorite cube (F), which grew in the direction of the 
arrow. The two oil droplets first stuck to the growing fluorite crystal along the flat surfaces on the bottom of each 
inclusion, now coated with dark material. The larger photomicrograph is a plan view taken perpendicular to the 
cube face of two oil inclusions similar to those in the inset. ER 59-57e, West Green mine, southern Illinois fluorite- 
rine district. Sample courtesy of Dr. James Bradbury, Illinois Geoolgical Survey. 

3. Photomicrograph of large primary inclusions of colorless brine (Iw) and yellow oil in color-zoned purple fluorite. 

These are believed to have retained essentially the shape that they had at the moment of trapping. The brine inclusion 
(top) represents the covering of a group of negative crystal reentrants on the surface of the growing cube, as are 
commonly seen on the present surface of such crystals. It is considered primary from its position in the crystal, and 
not from its shape, as recrystallization can also form such negative crystal faces, although usually only on much 
smaller inclusions. {See frontispiece, upper left.) The oil was present as a rounded droplet suspended in these brines, 
which adhered to the growing fluorite surface, and was enclosed by growth of the fluorite without change in shape. 
Note that there is a larger volume percentage of vapor bubble (t) in the oQ than in the brine inclusion, although 
the two inclusions were probably trapped at almost identical temperatures; this results from differences in compressi- 
bility and thermal expansion characteristics for the two fluids. The two different apparent radii on the bubble in the 
brine arise from prism effects at the sloping inclusion walls. Note also that this bubble is actually adhering to the 
wall (small light-gray oval at right). This only occurs in very strong brines, where the salinity causes gross changes 
in surface wetting characteristics. Taken in deep purple transmitted light, with added lateral light for reflection from 
bubbles. ER 59-8, Hill mine, Cave-in-Roek, Illinois. 

4. Evidence of trapping of fluid inclusions that are noi representative of the fluid from which crystal growth occurs. Synthetic 

sucrose crystals <x) growing in saturated water solution (Us.) at room temperature by slow evaporation of water 
(all at same scale as upper left photomicrograph i Exsolution of air, as described by Power* (1958), formed ga* bubbles 
which adhered to the growing crystal surface and formed tubular gas-filled inclusions, all of which (in these photo- 
micrographs) are still connected to the surface. (In the lower right photomicrograph the bubbles are in a layer of 
solution above the crystal, except for the inclusion at the bottom, which lost its bubble.) Some crystals show hundreds 
of such tubular gas inclusions, sealed off by further crystal growth, and not a single inclusion of the syrupy water 
solution from which the crystals actually formed. Similar phenomena probably occur in nature, whenever crystals 
grow from systems of two immiscible fluids such as water plus oils or gases such as COi or steam. 
5-9. Behavior of immiscible globules of liquid H >S in inclusions. In this sample, each inclusion contains liquid water solution 
(Iw), a small vapor bubble (v), and a small immiscible globule of a fluid that is probably liquid HiS (Is). As the pha.se 
ratios of many inclusions are rather uniform (approximately 4:1 by volume, vapor: liquid H.S), it is assumed that 
a single, homogeneous fluid was trapped originally and has separated on cooling into three phases. A few such in- 
clusions show separate, spherical (or circular, flattened) globules of vapor and liquid HiS as in figure 5. This ac- 
cidental configuration does not have the lowest surface energy. Apparently the system has the lowest surface energy 
when the H<S liquid occupies the interface between liquid water and vapor as in figure 7 (Torza and Mason, 1969). 
In more three-dimensional inclusions, the HiS globule sticking to the interface may appear, due to foreshortening, 
to be inside the vapor bubble as in figure 6. In figures 5 and 8, the plane of focus has been adjusted to show that 
the globule of HS liquid has a considerably higher index of refraction than the vapor bubble. Figure 9 shows a 
somewhat unusual ring-shaped inclusion containing the same assemblage. ER 67-7, yellow quartz, from Xique- 
Xique, Bahia, Brazil (Johnston and Butler, 1946, p. 615), courtesy of Prof. Earl Ingerson, University of Texas. 
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FIGURE 1. Secondary inclusion* in healed cleavage cracks in halite that show three features normally classed aa evidence of primary 
origin. Those feature* are: (1) faceted negative crystal shape, (2) occurrence as three sets of mutually perpendicular 
planes (one in the plane of the photograph , parallel to normal crystal growth faces |100|, and (3 1 peculiar diagonal 
rows of tiny, uniformly-sized inclusions (see arrows). The first actually is characteristic of any inclusions, regardless of 
origin, that have had adequate time to recrystalllze; with soluble salts this time can be measured in hours. The second is a 
logical consequence of the cubic cleavage of halite being parallel to the common gorwth face. The third, although com- 
monly seen to be the result of growth steps on the crystal surface, is believed in this sample to be the result of tear 
lines (Buerger, 1932b) on the original fracture. The clear zone croascutting all zones of inclusions at the bottom may bo 
a fracture that healed free of inclusions. Note also that these inclusions are free of bubbles, yet this ia in the same sample 
as in figure 3. Presumably theae inclusions formed at a lower temperature. ER 64-112, large halite cleavage mass, Salar 
Grande, Chile, provided by George Erickson, U.S. Geological Survey. 

2. Photomicrograph of typical planes of secondary inclusions in quartz from a gold-quartz vein, Grass Valley, Calif., taken 

with partly crossed polarizers. Note that many of the planes of inclusions cut across grain boundaries, outlining former 
throughgoing shear fractures. 

3. Photomicrograph of a healed fracture (not parallel to { 100 1 ) in halite, showing nonuniform phase ratios caused at least in 

part by necking down of an original large, thin, flat, secondary inclusion into many smaller inclusions of lesser total 
surface area. The vapor bubbles formed before and during the necking down, so that individual inclusions now have 
a wide range of gas/liquid ratios (a and b) or no gas at all (c). As the "gas" in the bubbles ia merely water vapor in 
this sample, the composition of the fluid in all will be essentially the same, but the homogenization temperatures will 
differ widely. It should be noted that similar variation in gas/liquid ratios can also result from partial leakage of inclusion 
contents, as is also common in halite. The insert photograph shows a long, tubular, possibly primary inclusion in the 
same sample, in the process of necking down to form three smaller inclusions, only one having the bubble. Same sample 
as fig. 1. 

4. Photomicrograph of plane of pseudoeeeondary or possibly primary inclusions in topaz, parallel to (100 1 , showing results of 

necking down by recrystallization after daughter minerals have precipitated. Inclusions a and b were originally a single, 
larger inclusion, which has since split up, leaving a very thin tube between (arrow) (unretouched). Although both parts 
contain vapor and liquid, all of the targe mass of unidentified, birefringent daughter crystals (si were left in inclusion b. 
The other inclusions in the field all contain the same assemblage of vapor (v), liquid (liq), and crystals. Coalescence of 
thin, flat, or long, tubular inclusions by such recrystallization processes commonly leaves small daughter crystals behind, 
embedded in the host mineral as apparent solid inclusions but frequently connected with a fluid inclusion by almost 
invisible tubes that may be open or blocked. Transmitted light, partly crossed polarizers. USNM 96595, Rukuba tin 
mine, Nigeria. 

have precipitated. Highly birefringent daughter crystals <U) (possibly parisite, see pi. 2, figs. 1, 2) and a large halite 
daughter crystal (h, coated with a film of brine) are nearly isolated from each other and have been isolated from the 
bulk of the fluid of the inclusion (out of this field of view). Necking down has caused individual parts of the original 
inclusion to be sealed off at various stages in the process, resulting in another isotropic cube with a coating of liquid 
(x) and two apparently "low temperature" inclusions, with very small vapor bubbles (,). ER 63-84Q, Muzo emerald 
mine, Colombia, courtesy of Banco de la Republica, Bogota. 
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Figures 1-4. Serial photomicrograph* of an Inclusion, taken at the temperatures indicated, to illustrate the identification of halite by 



the formation of crystals of hydrohalite (NaCl*2HX)) on cooling. At room temperature the inclusion appears almost 
identical to figure 4 taken at - 1.5*C. It contains (see fig. 4) saturated brine (liq), vapor (▼), and a large daughter 
crystal (cube) of halite (h). After freezing at -78 e C, and then equilibrating at — 6*C (fig. 1), all available solution 
reacts with the halite to form a solid mass of crystals of hydrohalite (xl, causing the "meniscus" between the former 
liquid and vapor it phases to be irregular and jagged. A small corroded but unreacted mass of halite remains. The 
new phase is birefringent, as seen in figure 2 also taken at — 6*C, but with partly crossed polarizers. On warming, 
the hydrohalite decomposes (melts incongruently) to form halite plus solution (fig. 3); the last hydrohalite crystal 
disappears at — 1.5*C (fig. 4). ER 6S— 183, quartz, from granite block in volcanic breccia, Ascension Island, South 
Atlantic Ocean (Roedder and Coombs, 1967). 

5. Serial photomicrographs of an olivine grain, embedded in oil of n »1.64, to show the use of the crushing stage to prove 

the presence of highly eompri-xsi-d cartes (CO,! in the inclusions. Pressure was applied, perpendicular to the plane of 
the photograph, by glass plates. This caused cracking and release of gases between frames a and b, c and d, and 
e and f. The explosively evolved bubbles come from the inclusions indicated by arrows in frames a, c, and e. One 
minute elapsed between taking frames b and c, and between d and e, permitting most of the gas to dissolve in the 
index liquid. ER 63-33s, olivine nodule from 1801 Kaupulehu flow, Hualalai, Hawaii (Roedder, 1965d). 

6. Photomicrograph of single-phase inclusions in a large (10 cm) single crystal of melanterite (FeSO«-7HiO>, formed as a 

stalactite in a mine opening by evaporation of mine water, OH vein, Creede, Colo. These contain only the liquid 
phase (a saturated solution of melanterite) as they formed at essentially surface temperatures. Identification of such 
single-phase inclusions is sometimes ambiguous, in that the relief shown by negative crystals filled with liquid (as 
here) may be almost duplicated by thinner, gas-filled inclusions. ER 66-123. 
7, 8. Photomicrographs of a large primary fluid inclusion in sphalerite, illustrating one of the hazards in estimating the volume 



of a gas bubble and hence the degree of fill. In figure 7, the plane of focus cute through the center of the bubble, 
and two apparently different bubble radii are visible. The volume of the bubble calculated from the larger radius 
is over twice that calculated from the smaller radius. The two apparent radii are a result of the shape of the inside 
of the inclusion cavity. Over the upper part of figure 7, the wall consults of a relatively flat negative crystal facet, 
set perpendicular to the line of sight (see fig. 8. where the plane of focus is on this facet); this yields the larger, 
essentially true image. Over the lower part of the bubble the curving surface of the sphalerite wall (toward the 
observer) acts as a strong negative lens, reducing the apparent size of the bubble. As most inclusions have such 
curved Inner surfaces, estimates of the volume of the gas bubble— or any other phase within the inclusion-will be 
low. The effect is particularly large for a mineral with a high index of refraction, such as sphalerite (n =2.868). 
Synthetic sphalerite crystal, grown in 67 hours by a thermal gradient technique, at about 430'C and 6.500 pal 
(pounds per square inch), in a 10 molal NaOH solution. Sample grown and provided through the courtesy of Steven 
D. Scott, Pennsylvania State University, his run 195-2. 
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FiKttKBS 1, 2. Photomicrograph of • Urge multiphase inclusion in plain light (ftg. 1) and with almost crossed polarizers, set to place 
the enclosing topaz (T) almost at extinction (fig. 2). This and other inclusions in the sample contain at least 16 
daughter minerals, presumably all different phases, plus liquid ilia) and vapor <»;. Ten daughter crystals are seen 
to be birefringent (fig. 2); presumably some of those that appear isotropic are not but merely have their extinction 
positions parallel with those ot the enclosing topaz. There may be as many as five opaque phases. All photomicro- 
graphs on this plate are from a single cleavage flake approximately 2 cm in diameter, loaned by Dr. Bernard Poty, 
Centre de Recherches Petrographiques et Geochimtquea, 54-Vandoeuvre, France. All the inclusions are strongly 
flattened parallel to the (001 ) cleavage and may be primary or pseudosecondary in origin. LemmJein, Kliya, and 
Ostrovskii (1962) reported on the homogenizalion of similar inclusions in topaz from Volynia (see pi. 8, ftga. 2-6) 
and record the presence of large daughter crystals of quartz and muscovite, lesser cryolite, and still smaller amounts 
of various fluorides and chlorides of Na, K, and Ca. Lyakhov (1966) gives X-ray powder diffraction data on six of 
the 14 different solid phases he extracted from inclusions in morion from these same pegmatites, including hydrous 
ferrous chloride, FeCI,-2H.O. Some stages in the solution of the daughter minerals are shown on plate 7, figure 12. 
3, 4. Photomicrographs of two planes of inclusions, only a few millimeters apart, that have trapped two entirely different 
densities of fluids. In each plane, all inclusions apparently have a uniform ratio of phases, and all appear to have 
the same phases, but the ratio of gas bubble to other constituents differs grossly between the two planes. The small 
erences in gas bubble ratio between adjacent inclusions (particularly fig. 4) may be only 
^ from irregularities in the third dimension, or they may be real and stem from bubble nudeation 
*urred. The differences between figures 3 and 4 may be a result of differences in 1 
> at the time of trapping. 

5-7. Detailed photomicrographs of one inclusion from figure 8, taken with the plane of focus at three different levels. 1 

6, the plane of focus cuts through moat of the phases in this very flat inclusion. In figure 5 the plane of focus is 
raised, and in figure 7 it is lowered relative to figure 6. Note that the movement of the Becke lines in figure 5 shows 
that many of the daughter minerals are higher in index then the enclosing liquid (lis), and some are very much 
higher (x). In figure 7, however, note that the two larger crystals at the top (jr and z) have an index of refraction 
very appreciably leas than that of the enclosing liquid Ills) which, in turn, haa an index of refraction less than the 
enclosing topaz (T). These specific daughter minerals have not been positively identified, but various tow index 
fluoride minerals such as cryolite (n-1.34) and avogadrite ((K.CsjBF,, n = 1.321 have been reported in the extensive 



Digitized by Google 




MU.TIPHASE INCLUSIONS IN PKGMATITIC TOPAZ. VOLYNIA. U&&R 



Digitized by Google 



